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1. Summary:

A novel Ultrasonic Modal Analysis Technique (UMAT) capable of damage detection in
3-dimensional, non-homogeneous, anisotropic structures based on ultrasonic vibration
signatures was developed and implemented into a portable inspection system. The
system contains an annular array actuator that is capable of providing various guided
wave modes and frequencies as the loading functions to achieve high sensitivity to
different defects. An analytical theory on guided wave excitations by annular arrays
with/without time delays was developed. The theory can be applied for optimizing
annular array designs for UMAT and also conventional transient ultrasonic guided wave
applications. A guided wave mode expansion method was developed to study the
connections between transient guided wave propagations and steady-state vibrations. It
was shown that steady-state vibrations can be decomposed into superposition of guided
waves propagating in different directions. The interferences of the guided waves form
the steady-state vibration patterns. It was also shown that by applying specific guided
wave modes and frequencies, the vibration modes that are tightly associated with the
guided wave mode and frequency inputs can be efficiently excited. Therefore, via
annular array actuators, different guided wave loading functions can be used to excite
different ultrasonic vibration modes for damage detection. Due to the fact that different
vibration modes are sensitive to different damage types, it is therefore possible to achieve
high sensitivity to different damage types by varying the guided wave loading functions.
It is also feasible to differentiate different damage types. The control hardware for the
UMAT system was designed for both UMAT and transient guided wave applications. To
drive annular array actuators, the hardware outputs up to 8 channel tone-burst or sine
signals with controlled phase shifts among the channels. An 8 channel A/D card is
included in the system to receive ultrasonic vibration or transient guided wave signals.
The hardware system is controlled by a laptop. Control software with a user-friendly
interface was developed. Key experiments were conducted on different test samples
including realistic aircraft composite structures to demonstrate the high damage detection
sensitivity of UMAT as well as its capability of damage differentiation.



2. Ultrasonic Guided Wave Vibration Theory

Ultrasonic guided wave inspection techniques are a powerful tool in the practice of non-
destructive evaluation (NDE) and structural health monitoring (SHM). Guided wave
techniques have several advantages over conventional bulk wave ultrasonic NDE/SHM
techniques. Some of these advantages are outlined in Table I. However, in addition to
the advantages of guided waves comes an inherent complexity beyond that of bulk wave
mechanics. Fortunately, this complexity can be used to one’s advantage if the guided
wave mechanics are thoroughly understood and appropriately utilized.

Table I Some of the benefits of quided waves as compared to bulk wave

Benefits of Guided Waves over Bulk Wave Inspection
Techniques
Guided Wave Bulk Wave
Line scan Single-point scan
Full structural coverage Local structural coverage
Faster inspection Slower inspection
Long inspection distance Short inspection distance
Numerous possible modes Very limited modes
Ability to inspect hidden Require direct inspection
structures access
e
T e
Bulk Wave Guided Wave
(localized inspection, yellow) (100% coverage, yellow)

Fig. 1 lHlustration of bulk wave (left) propagation and guided wave (right) propagation in
a plate.

While there exist only three different modes (one longitudinal and two shear) in
bulk wave ultrasonics, there are an infinite number of modes for guided waves. This
means that there are theoretically an infinite number of different mode-frequency
combinations and thus an infinite number of wave structures possible in a guided wave.
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In reality, the frequency range of interest is limited by our ability to design transducers,
the size of the defects to be detected, and the attenuation properties of the material. We
are also limited by which guided wave modes we can realistically activate. Even with
these limitations, there exists a plethora of options for designing a guided wave
inspection system. It is up to the engineer to choose the optimal mode-frequency
combinations for the task at hand, and the consequences of mode-frequency selection can
often determine the success (or failure) of the system. While there are a number of
factors that go into guided wave mode-frequency selection, including penetration power,
excitability, etc., wavestructure plays a primary role in terms of defect detection
sensitivity. Optimal wavestructure selection is dependent upon choosing the appropriate
mode-frequency combination and being able to excite the selected point on the dispersion
curve.

The development of UMAT seeks the feasibility of applying modal analysis to high
frequency vibrations introduced by controlled ultrasonic guided wave inputs. In a
UMAT test, modal analyses are applied to the long time structural responses to a
specifically defined ultrasonic guided wave input. Thanks to the fact that the long time
structural responses result from multiple reflections and scatterings of the input guided
wave energy, an overall coverage of the structure can be reached from a very small
number of test positions. In Phase | of this project, we have demonstrated in experiments
that the forced vibration of a structure is a function of the ultrasonic guided wave mode
and frequency that is applied as the vibration loading function [1]. By selecting an
appropriate mode and frequency based on the guided wave sensitivity to a specific defect
type, we have shown that excellent sensitivity can be achieved for the defect type. It is
therefore possible to obtain good sensitivities to all different kinds of defects by varying
the input guided wave modes and frequencies. Various guided wave transducers
including angle beam transducers, electromagnetic acoustic transducers (EMATS), and
piezoelectric comb transducers are available for guided wave mode and frequency control
[2, 3]. In this project, time delay annular array transducers are employed as the UMAT
actuator. The main advantages of using such actuators are their omni-directional guided
wave excitation and the capability of automatic mode and frequency tuning through
electrical time delay circuits. A theoretical model was developed for studying guided
wave excitation spectra of annular array type actuators. Based on the theoretical
understanding, phased annular array transducers were developed as a powerful tool for
guided wave mode and frequency control.

The new UMAT approach is expected to bridge together conventional low frequency
vibration methods with high frequency guided wave methods. It is an objective of the
project to keep the benefits of both methods in the new UMAT approach while
overcoming the disadvantages of the two different technologies. More particularly, the
high defect detection sensitivity of guided wave methods and the fast and complete
coverage of vibration tests with small numbers of accessible positions are to be combined
in the UMAT approach. One basic hypothesis of UMAT is that the long time structural
response depends on the initial ultrasonic loading functions (guided wave modes and
frequencies). Furthermore, a vibration mode decomposition method was also developed
to assess the defect sensitivity of plate vibration modes by the same transverse wave



structure analysis approach that has proved to be successful for transient guided waves.
It was demonstrated that vibration modes can be decomposed into a superposition of
guided waves traveling in different directions. The vibration resonances that are
associated with certain guided wave modes may preserve the defect sensitivity of the
guided wave modes. Such theoretical findings therefore validate the basic hypothesis of
UMAT and can serve as the theoretical foundation of the UMAT development.

2.1 Guided Wave Excitation by an Annular Array

2.1.1 Introduction

A number of guided wave transducers are available for mode and frequency control,
including angle beam transducers, piezoelectric comb transducers, electromagnetic
acoustic (EMATS), and magnetostrictive transducers. Through a selection of an incident
angle, an angle beam transducer excites and receives guided waves with a phase velocity
determined by Snell’s law. The mode selection capability of an angle beam transducer
can thus be described by a straight horizontal line in the phase velocity dispersion curve
space [4]. Mode and frequency selections of piezoelectric comb transducers, EMATS,
and magnetostrictive transducers are typically realized through wavelength matches. All
three types of transducers can be made with multiple rectangular elements equally spaced
into a comb shape. The efficiency of guided wave excitation and reception becomes
optimal when the wavelengths of the guided waves match with the element spacing. In
these cases, a straight line with the slope equal to the element spacing can be used to
describe the mode selection capability [4]. As an effort to achieve mode and frequency
tuning electronically, Li and Rose [5] demonstrated that the excitation line of a comb
type transducer can be bent into curved lines by applying time delays to the comb
elements. The studies on time delay comb transducers were further carried out and
applied to guided wave inspections of plate structures by Yan and Rose [6]. In many
guided wave applications, omnidirectional transducers or sectioned annular transducers
are used to radiate guided wave energies axisymmetrically into all directions to obtain
complete coverage. Following comb transducer theory, Gao, et al, designed and
fabricated circular and fan-shaped PVDF transducers for SHM applications with
controlled guided wave modes and frequencies [7]. Wilcox used EMATS with circular
coils in a guided wave phased array application [8]. Guided wave excitation and
reception of the circular EMATSs were analytically investigated by Wilcox in another
paper coauthored with Lowe and Cawley [9]. Point source solution for circular crest
guided wave excitation in a plate was used as the basis for their analytical model. Cesnik
and his colleagues have developed wedge-shaped guided wave SHM transducers with
interdigital sector elements, called CLOVER [10, 11]. Guided wave excitations of the
CLoVERs have been studied by them as well. Selective guided wave excitations using
annular array patches were recently studied by Glushkov et al, [12]. An optimization
approach was developed to maximize the energy ratio of the selected wave mode to the
total guided wave excitation. Their wave excitation model was derived based on Fourier
integrals of wave equations. The numerical simulation results presented in the paper
showed that selective excitations of two different modes: SO and A0 modes can be



achieved by applying different amplitude factors and phase delays to the tone-burst
driving signals for the five elements of an annular array.

In the course of this project, a theoretical model was developed, in analogy with the comb
transducer model in reference [6], for studying guided wave excitation spectra of
axisymmetric sources. It was shown that, similar to comb transducers, the amplitudes of
guided wave modes excited by an axisymmetric source are also determined by two
separable terms: the excitabilities of the guided wave modes and the excitation spectrum
of the source. The guided wave excitabilities are the same for comb transducers and
axisymmetric sources, which depend solely on the wave structures. The excitation
spectrum of an axisymmetric source can be calculated from a Hankel transform of the
axial source loading profile. This is different from the comb transducer cases, in which
the excitation spectra are calculated from spatial Fourier transforms of the loading
profiles. The excitation spectra were used to investigate guided wave excitation
capability of annular array transducers. The effects of applying phase delays to the array
elements were studied as well. Based on the theoretical understanding, phased annular
array transducers were developed as a powerful tool for guided wave mode and
frequency control in both transient guided wave and UMAT inspections.

2.1.2 Analytical Development

The excitation spectrum of a transducer array is a direct result of the spatial distribution
of the loading that the array exhibits on the structure to which it is applied. Thus to
develop relations for the excitation spectra of transducer arrays, the spatial loading
distribution functions of the arrays must first be developed. Two general array
geometries will be considered: linear comb arrays (Figure 2.1) and annular arrays (Figure
2.2). The linear comb arrays are examined in a plane strain formulation and can thus be
assumed to extend to z = +o0. The geometric parameters of these arrays are the center-to-
center element spacing, s, the element width, w, and the inner radius, ro (for the case of an
annular array), as shown in Figures 2.1 and 2.2.
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Fig. 2.1 Plane strain geometry of a generalized N-element comb array
transducer with inner element width w and center-to-center spacing s.

¥
+ ; " Fig. 2.2 Axisymmetric geometry of a
o - generalized l\_l-el_ement an_nular array _
= |« s [ transducer with inner radlus_ro, eleméht width
» r W, and center-to-center spacing s.




Assuming a piston-type loading, the spatial distribution of the load applied by the comb
and annular arrays can be defined in terms of rectangle functions, denoted by [T, (x)
and [1,(r), respectively. These rectangle functions are defined in (1), in which a is any
positive value.

1, —a=x=a
H“(x]_{l], x<—a or x>a’ (1a)
1, 0L r=<a
LO={, ,2. " (1b)

Thus the spatial loading distribution function for an N-element comb transducer with
generalized element spacing and width parameters s and w can be described as

filx)= Z [L,./2(x —ns) . (2a)

Similarly for an N-element annular array, the mathematical description of the spatial

loading distribution function is
N-1

£l = ) Mulr—ns =], (2b)

n=0
which can be written alternatively as

N-1

fE(T‘j:Z[H(T—ﬂs—TD]—H[:T—TE.S‘—T‘D—W:]], (2c)

n=0

in which H(r) is the Heaviside step function.

Array Transducer Excitation by Huygens’ Principle

The development of the model for guided wave excitations by axisymmetric sources can
be initialized from the understanding of the guided wave excitation of a point source
applied to the surface of a plate structure. Based on previous work on point source
guided wave excitations [9, 13], the guided wave surface displacement fields excited by
out-of-plane point sources applied to the point (r = 0, z = d/2) or in-plane point sources
applied to the same point in the 6 = 0 direction can be expressed as:



( T _
Hp(d}zzj = |:EI{_.3D} . (trﬁw tgﬁg, tzﬁz T] H[:.l} (kv,rje—m.lr (3]

where EZ* s a 3D excitability matrix for point sources [9, 13], t denotes the surface

traction introduced by the point source, r, 8, and z are the three orthogonal directions in a
cylinder coordinate system whose origin is located in the center of the plate, d is the plate
thickness, k, is the wave number of the v?" guided wave mode,  is the radian frequency,
and H[';ﬂ IS a zero order first kind Hankel function. The 3D excitability in Eq. (3) can be
calculated from the free guided wave solutions and is independent of the applied source.
By combining the point source solution with the Huygen’s principle, it can be shown that
the far field guided wave excitations of any axisymmetric sources can be described as:

| 2 T =
_ [ «T (3o} o~ o~ AT -k,
u, =42 e E" - (t.e,, tgéy, t &) | e rf(r)],(k,r) dr (4)
ri
N 0

where ], denotes zero order first type Bessel function, and f(r) is the spatial distribution
of the axisymmetric source in r direction.

Eq. (4) shows that the far field guided wave displacements excited by an axisymmetric
source can be expressed into a product of two terms, while the first term enclosed in the
first curly bracket is dependent on the excitabilities of the guided wave modes and the
second term enclosed by the second curly bracket is purely a function of the spatial
distribution of the source. This is similar to the comb cases we studied earlier, in which
the guided wave field solutions can also be separated into excitabilities and Fourier
transforms of the spatial distributions. We have used the Fourier transforms of the spatial
distributions of comb transducers to investigate the excitation spectrums of the
transducers. According to Eq. (4) here, we can actually use a zero order Hankel transform
to calculate the excitation spectra of annular arrays (notice that the integral included in
the equation is actually a zero order Hankel transform). The Hankel transform will lead
to the excitation spectra in wavenumber domain.

Wavenumber-Domain Excitation Spectrum by Spatial Fourier Transforms
To analyze the geometries of the linear comb and annular arrays in the wavenumber k

domain, the spatial Fourier transforms of the respective geometry functions must be
taken. For the comb array case, the Fourier transform is as follows.

1 (= .
FYNW0 === | f)eax (5)
VamJ_,
Thus for the comb array geometry, let k = k.. , and
1 - N—-1
F (k) = F{f()} = — f {Z L2 (x —nsj}e-””dx (6)
V2 n=0



However, this can be simplified by first taking the Fourier transform of a single element
centered about the origin and exploiting the modulation property of the Fourier
transform. Thus, by assuming constant element spacing and width, any element n can be
described by combining as

N-1 i

W W .
Fif.(x)} =— ) sinc (—) g ke (7)
V2T 2

n=0
Thus equation (7) is the spatial Fourier transform of the geometry function of the N-
element comb array.

To describe the excitation spectrum of the annular array, the 2-dimensional Fourier
transform of the annular array geometry function must be taken. However, since the

geometry function of the annular array is axisymmetric, the 2D spatial Fourier transform
can be simplified as a 0"-order Hankel transform.

F, (k) = H,{f, ()}() = f £ Ty (kr)dr (8)

By substituting in the annular array geometry function from equation (2c), the Hankel
transform becomes

Holll,(r—ns — )} = H{H(r —ns — 1) —H(r —ns —1y —w)} (9)

in which H(r) is the Heaviside step function. By using Bessel function integral
recurrence relations and integrating each term in the summation, we find the following.

#o{H () = 1 ey NI (10)
HollL (= 75 = r0)} = [ GIEIE™ (1)

Two types of annular arrays were included in our study. The arrangement shown in
Figure 2.3a has the inner circle element as an “active” or non-zero element, while the
configuration in Figure 2.3b has an “inactive” or zero-valued element in the center, along
with an arbitrary inner radius distance ro. These arrangements will be referred to as
“active-center” and “inactive-center” geometries, respectively. Thus the 0"-order Hankel
transform of the inactive-center geometry function of the N-ring annular array is given in
equation (12).
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Fig. 2.3a Axisymmetric geometry of an Fig. 2.3b Axisymmetric geometry of an
active-center annular array. inactive-center annular array.
1 N—-1
Fapasss 0 =7 D (G +75 +w) Jj[(ry +7s +w)k] = (1 + ) 1, [0 +ns) K]}
n=0
(12)

It can also be shown that for the case of the active-center annular array, the Hankel
transform is that given in equation (13).

Fae () = 7 [ ) [k5]

N-1

(13)

To convert these complex-valued k-domain functions into absolute real values, equation
(14) can be invoked, in which F denotes the complex conjugate of F.

—

®(k) = |F(k)| = ;l'F(kJ -F(k) (14)

Using the relation 2 =27/, , the functions @, (k), ®,(k), (1), and ©,(4) can be
plotted against k and 4 , respectively.

1
E 0.8 g 0.8t
§ 06 E 06t
w 9]
=04 = 04}
z g
oz oot
% 1 2 3 4 5 % 1 2 3 4 5
Wavelength A (units of 3) Wavelength A (units of 3)
Fig. 2.4a Inactive-center annular array Fig. 2.4b Comb array excitation spectrum
excitation spectrum vs. A. VS. A.
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As can be seen, the excitation spectrum of the comb transducer has its maximum value
when the wavelength equals to the element spacing. However, it is not the case for the
annular array excitation spectrum. Although the annular array can still well select the
guided waves with wavelengths close to the element spacing, the excitation spectrum
maximum is a little away from A = s. In addition, for the same 3 elements in the annular
array and the comb transducer, the sidelobe of the excitation spectrum appears more
severe for the annular array case. This demonstrates that for active-center annular arrays,
it is necessary to use the new annular array model to analytically study the guided wave
excitations, rather than simply use the comb approximations.

2.1.3 Parametric Analysis of Various Annular Array Design Parameters

Various design parameters, such as number of elements (N), element spacing (s), element
width (w), inner radius (ro), and the choice of active- or inactive-center array geometry
can dramatically affect the excitation spectrum of the annular array and must thus be
carefully considered. Using the theoretical models developed here, we will attempt to
separate and analyze the effect of each of these parameters and how they can be
optimized to design an array best-suited for each purpose. Excitation spectrum features
such as amplitude of the primary peak(s), peak bandwidth, sidelobe bandwidth, and
others were considered as quality indicators for the parametric study.

Active- vs. Inactive-Center Arrays

The difference between an “active-center” vs. an “inactive-center” annular array was
examined. Next, in Figure 2.5, is an example plot of the excitation spectra in the A-
domain for both active- and inactive-center annular arrays with N = 3 and s = 2w.
Apparently, the active-center annular array, in this case, has much worse mode selection
capability as compared to the inactive-center array. We have also done comparisons
between the two types of annular arrays using the excitation spectrums for different
element width to element spacing ratios (WSRs). The results showed that the shape of the
excitation spectra is strongly affected by the choice of an active-center vs. inactive-center
annular array. It was also concluded that the effective excitation bandwidth is greater for
the active-center case. Thus, in most cases, inactive-center array geometry is preferred.
From this point on, we will consider only inactive-center arrays.
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Fig. 2.5 Comparison between an inactive-center array and an active-center array; for the
inactive-center array, re=2mm. Number of elements N=3 elements, element width w=2
mm, and spacing s=4 mm.

Inner Radius rg

It has been shown that the inactive-center array geometry is preferable over the active-
center geometry. This leaves the question of the influence of the inner radius of the
array, i.e. the distance from the center of the array to the inside of the first element. For
the array to be considered an inactive-center array, v, = 0. The excitation spectra for
various values of r; are given in Figures 2.6 and 2.7 for an annular array with a WSR
value of 0.5 and 5 elements. The excitation spectrum for a comb array with similar WSR
and N values is included for comparison. There are two fundamental cases for
optimizing the inner radius that must be considered. The first of which is the case in
which 7, < s, and the second is the case in which 1y = s. Case 1 is investigated in
Figure 2.6 and case 2 is investigated in Figure 2.7.
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Fig. 2.6 Comparison of the excitation spectra for various values of r; < 5 and N=5
elements. The bottom plot is the comb case.

In Figure 2.6 it is apparent that the case of , = 0.25s, the ratio of the 1%-2"% peaks is
undesirably larger than in the case of r, = 0sand #, = 0.5s. The differences between
the r; = 0s and r, = 0.55 cases is negligible, except for in the upper end of the A-
domain, in which the amplitudes are slightly lower for the v, = 0.5=5 case. Figure 2.7
details the effect of an inner radius greater than 1s. It is apparent in Figure 2.7 that the
broad envelope of the excitation spectra near the primary peak are independent of ,, for
the case in which r, ===, However, as 7, increases, the number of zeros within the
displayed A range increases, and the function comes to more closely resemble the comb
case with the same number of elements. Since the effective excitation in real-world
applications only has a certain wavelength resolution, it can be approximated that the
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primary excitation peak for r; = 15s and even r; = 8s can be considered equivalent to
the comb array case.
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Fig. 2.7 Comparison of the excitation spectra for various values of r; and N=5 elements.
The bottom plot is the comb case.

To perform a complete analysis on the effect of the inner radius of the annular array on
the subpeaks of the primary excitation peak, Figures 2.8 and 2.9 can be studied.
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Fig. 2.10 The critical inner radius, r¢, for which the amplitudes of the subpeaks are
minimized (and equal), can be found for any number of elements in an annular array.

Note that at any given value of ry, the subpeaks are due to the adjacent angled regions of
high excitation. The explicit value of the excitation increases as ry increases, due to the
increased area of physical excitation, since a greater loaded area on the structure means
greater excitation (assuming constant traction density). In order to understand the
maximum value of the center peak with respect to its subpeaks for any given ry value, we
can normalize the plot as shown in Figure 2.9 for each ry value. The maximum point
shown corresponds to the location where the sidelobes on each side of the main peak are
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minimized (and equal). The example shown in Figure 2.9 is for a 5-element array. This
critical ro value can be found for any number of elements, N, as shown in Figure 2.10.

Annular Array with N=4 and r,=r_=0.444

Annular Array 1y =t

— ——Comb Array

Excitation Spectrum

1 1
1.5 25
YWavelength A (units of 5)

Annular Array with N=4 and r;=0.7s
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o — ——Comb Array

Excitation Spectrum
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| |
a 04a 1 14 2 25 3 34 4
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Fig. 2.11 Example of a 4-element annular array transducer with ro = 0.444s =r. and ro =
0.7s.

An example of the effect of choosing an inner radius equal to or far from the critical inner
radius, rc, is given in Figure 2.11. The bottom excitation spectrum is an extreme case of a
poor choice for ry in which there is a completely split central peak of excitation. Thus it
can be concluded that the optimum inner radius for a particular annular array depends on
the number of elements that comprise it. To simplify further calculations, as well as to
accommodate simpler array fabrication, for the remainder of this paper the ‘standard’
inner radius for an annular array will be taken to be 0.5s. Although this is not optimal for
all number of elements, it will not greatly affect the subsequent calculations and will
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facilitate simpler fabrication for experiments.
optimize the inner radius using the chart in Figure 2.11 in order to suppress the subpeaks.

Element-Width-to-Spacing Ratio (WSR)

In practice, however, it may be ideal to

The ratio of the element width and element spacing of the arrays can be written as % or

WSR. This value can range from the limiting cases of 0 to 1. An array with a WSR
value of 0 would have no elements at all, while an array with a WSR value of 1 will
essentially be a solid. The plots in Figure 12 show the effect of WSR values from 0.1-0.9
for an annular array.
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Fig. 2.12 Excitation
spectra for various
WSR values from 0.1-
0.9 (from top to
bottom) foran N =6
annular array.

Further analysis can be performed by analyzing the amplitudes of the harmonics and
sidelobes relative to the primary peak amplitude. This is done in Figures 2.13 and 2.14
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below. Thus we cannot control the amplitude of all harmonics by simply varying the
WSR value of the array. However, we must consider the relative importance of each of
the harmonics as well as their relative amplitude to each other for various WSR cases.

Harmanic Ratios for Yarious SWR in N=B Annular Array
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Fig. 2.13 Harmonic ratios for
first and second harmonics
relative to the main peak in an
N=6 annular array with various
WSR values.
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It can be shown that, in general, the amplitude of the harmonics is significantly less for
the annular array in comparison to those of a comparable comb array. Thus we will only
focus on the first and second harmonics in the annular array spectra, as the other
harmonics are often insignificant. Figure 2.13 shows that the behavior of the second
harmonic is somewhat complex, but the amplitude of the first harmonic is clearly
minimized when WSR = 0.5. For this case, the first harmonic is -35dB down from the
main peak, compared to -15dB down at WSR = 0.4 or 0.6. Thus, due to the dominance
of the first harmonic, we can conclude that with respect to minimizing harmonics, WSR =
0.5 or a value within this neighborhood, is ideal for the annular array. We must also
analyze the size of the sidelobes, which are more substantial in the annular array case
than in a comparable comb array case. Figure 2.14 shows the trend of the relative
amplitudes of the sidelobes as WSR varies.

By analyzing Figure 2.14 as well as Figure 2.12, we can separate the behavior of the
sidelobes into two categories. The first category is comprised of the first large sidelobe
on each side of the primary peak. We will refer to these as subpeaks. The second
category is comprised of all other sidelobes within each period (i.e. between harmonics).
We will continue to refer to these as sidelobes. In Figure 2.12, for WSR values from 0.1
to 0.5, we can see that the primary peak and both subpeaks gradually reverse themselves
symmetrically about A = s. Then for WSR values above 0.5, the amplitude of one
subpeak increases at the same rate that the other sidelobe decreases in amplitude. Thus
the ideal WSR value, with respect to sidelobe and subpeak amplitude, is at WSR = 0.25
(or 0.75).
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Subpeak Ratios for Various SWR in N=6 Annular Array
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Fig. 2.14 Sidelobe amplitude ratios

10
relative to the main peak in an N=6
8r annular array with various WSR

values.
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At this point, the two subpeaks have reached a point where they are equal, and the overall
subpeak amplitude is minimized. Another factor that must be investigated is the A
location of the main peak, which shifts for various WSR values. It can be seen the main
peak reaches a maximum at exactly A = s for WSR = 0.25 and WSR = 0.75. We have just
determined that for subpeak and sidelobe amplitude reasons, WSR = 0.25 would be the
preferable of the two. A plot of the excitation spectrum for the annular array with this
WSR value and N = 6 elements is shown in Figure 2.15.

The only downside to this value of WSR is that the first harmonic is approximately 28 dB
higher than in the WSR=0.5 case. This case is plotted for comparison in Figure 2.16. It is
obvious that even though the main peak is now centered at A=s and the subpeaks are
minimized, the tradeoff in terms of harmonic amplitudes is substantial. In most cases,
this tradeoff will most likely not be worthwhile, and the WSR = 0.5 case will still be
ideal. However, there could be situations in which the amplitudes of the harmonics are
not so significant and it would be preferable to use an array with a WSR value of 0.25. In
addition to these two WSR values, any value of WSR < 0.5 could be used with the
annular array in order to minimize one sub peak or the other near the main peak. This
may be useful for certain regions of the dispersion curve. For instance, for a case which a
mode with a wavelength slightly shorter than the desired wavelength is easily excited
while no modes exist with a slightly longer wavelength (at the chosen frequency), then it
would be preferable to use an array with an WSR value of 0.1 (as long as harmonics are
not a significant issue).
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Spacing Compensation Factor

To design an annular or comb array with optimal excitation at the desired wavelength, it
is important to understand the relationship between the wavelength of peak excitation and
the array spacing, as well as how this ratio depends on N and ro. This ratio can be
considered to simply be a “spacing compensation factor”, a, when designing an array
transducer. Note that a compensation factor less than 1 corresponds to a transducer with
spacing smaller than the desired wavelength. It has often been approximated that for a
comb array in which w = 0.5s, the wavelength of peak excitation is equal to the spacing
of the array elements, i.e. the compensation factor is unity. Figure 2.17 shows that this
approximation is accurate for comb arrays with large a large number of elements, but is
slightly less accurate with fewer elements. The relationship between the wavelength of
peak excitation and the array spacing for an annular array is slightly more complex, since
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it depends on both the number of elements, N, and the inner radius, ro, of the array, as is
shown in Figure 2.18.
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Fig. 2.17 Relationship between
number of elements in an array and
the ratio of the element spacing and
the wavelength of peak excitation in
the excitation spectrum.
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It is apparent that for the comb array case, the main peak is within 3% of 1=1s for N>3.
Even with only two elements, the main peak is still within 10% of A=1s. However, for
the annular array case, the compensation factor can be as low as 0.75 or as high as 1.06,
depending on the inner radius and the number of elements. The strong variations with rg
in the trend of the compensation factor for an increasing number of elements is due to the
role that the inner radius plays in determining the interference of the outward-propagating
waves and the inward-propagating waves, which pass through the center of the array.
This is also the cause of the split primary peak in the annular array excitation spectrum.
It is clear that for particular inner radii, such as near 0.2s and 0.7s, the compensation
factor undergoes a dramatic shift. This corresponds to the points at which the two peaks
that comprise the split primary peak in the excitation spectrum switch in magnitude.
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Although one’s instinct may initially be to minimize the compensation factor, or choose
an inner radius with a compensation factor that varies minimally with changes in N, this
is of no real advantage; in fact, designing an annular array with an inner radius such that
the compensation factor is minimized may in some cases be detrimental due to the
change this incurs in the properties of the excitation spectrum such as lower order peak
amplitudes and primary peak bandwidth. As long as a plot such as that shown in Figure
18 is referenced to determine the compensation factor for s, any annular array, regardless
of inner radius or number of elements, can be designed to optimally excite a particular
wavelength.

In addition to analyzing the numerical value of the compensation factors, it is equally
useful to evaluate the effect of not utilizing the compensation factors, which is related to
the width of the primary peak in the excitation spectrum. This can be done by evaluating
the value of the excitation spectrum at the point A = s and comparing that to the peak
value at the wavelength with the compensation factor A = s/a. The ratio of these two
values, converted to the decibel scale, is hereafter referred to as the “excitation loss” for a
particular array. The excitation loss for comb arrays with various values of N are shown
in Figure 2.19 and the same is done for annular arrays with various values of N and ry in
Figure 2.20.
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Fig. 2.20 Values of the
excitation spectra for annular
arrays with N elements and
inner radius rp at A = s.
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Note that the excitation losses for the comb array are quite small, on the order of -0.1 dB
in the worst cases. Thus, in nearly all cases, the compensation factor is not critical with
comb array applications. This is due to the combined factors of rather small
compensation factors and a rather broad primary peak in the excitation spectra for comb
arrays. This single broad primary peak is not present in the annular array excitation
spectrum due to the added complication of the interfering inward- and outward-
propagating waves, which cause a split in the primary peak that is dependent on the inner
radius of the array. The conclusion that the compensation factor is not critical for comb
arrays is in good agreement with the fact that comb transducers have been successfully
utilized with the A = s design assumption for decades. However, as shown in Figure 2.20,
this is not the case with annular arrays. Depending on the inner radius, the effect of the
compensation factor can be quite extreme, even when the value of the compensation
factor is rather small. However, the excitation loss for an annular array can be beyond -
25 dB. Here it can be seen that the variation of the excitation loss does not vary heavily
with the number of elements in the annular array, but it does vary significantly with the
inner radius. At some r, values, the use of the compensation factor will not be critical,
since the value of the excitation spectrum without it is nearly identical to that with it. Yet
at other ry values, the excitation loss is dramatic. Examples of the extreme cases at ry =
0.37s and ro = 0.63s, as well as the case of inner radius ro = 0.5s, are given in Figures
2.21,2.22,and 2.23.
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Fig. 2.21 Values of the excitation spectra

for annular arrays with N elements and
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Fig. 2.22 Values of the excitation spectra for
annular arrays with N elements and inner
radius rp=0.63s at A = s. For this case, the
correction factor has a severe effect on the
excitation spectrum amplitude, which is from
5-7% of the value of the excitation spectrum
with the correction factor.

Fig. 2.23 Values of the excitation spectra for
annular arrays with N elements and inner radius
ro=0.5s at A =s. This is the most common inner
radius for our purposes, and the correction factor
has a significant effect, albeit not as extreme as
in some cases.

The broad effect of the number of elements in an array is obvious, and in the ideal case, a
very large number of elements would be used. However, the size and cost considerations
in array design dictate that the fewest elements possible should be used to achieve the
goal of the array. To analyze the effect of the number of elements, N, we can compare
them graphically in Figure 2.24. 1t is apparent that as N — <o, the envelope of the primary
peak in the excitation spectrum narrows. The finer differences for reasonable ranges of N
values lies in the specific peaks and zeros within this envelope. One factor to take into

consideration is A sensitivity, i.e. how focused the excitation spectrum must be.

For

applications with high A sensitivity, more elements will be necessary to reduce the
bandwidth of the primary excitation peak and to reduce the amplitude of the sidelobes.
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Factors such as this will determine the necessary number of elements, N, that must be
included in an annular array.
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2.1.4. Time Delay Phasing of Annular Arrays

The ability of a comb or annular array transducer to selectively excite particular
wavelength regions of a dispersion curve makes it a powerful tool in guided wave
inspection techniques. However, the other side of the coin is that the excitation ability of
an array is limited by its construction. To enhance the capabilities of a single array, time
delays can be applied across its elements, which effectively increase or decrease the
physical spacing between the elements. If applied appropriately, time delays can allow
the user to selectively excite any region on the dispersion curve to one degree or another.
[5, 6] However, the key here is the ability to understand and predict the response of the
transducer to applied time delays.

Comb Array Time Delays

The analysis of the effect of time delays on the excitation spectrum of a comb transducer
is relatively straight-forward. By applying the appropriate time delay term onto the
summation term for each element, we can predict the associated excitation spectrum of
the array as follows.

Fif.(x)}= ,l_z sinec (k?w) gikns g Tiwmle (15)

| 2T
v n=0o
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In this case, linear time delays are applied across each element, relative to the first
element. This can be rearranged as in (16).

N-1

Fif.(x)}= ,i_ sine (k_w) ginlks—wit) (16)
V2T e 2
n=0

Note that the term ®-At where o is the angular frequency and At is the time delay, is
equivalent to a phase delay Ag. In equation (16) it can be seen that the time delays are
effectively shifting the ks term. This causes the entire excitation spectrum to shift in the
k-domain, as is demonstrated in Figure 2.25 for a 5-element comb array. In this figure, it
can be seen that the symmetry about k = 0 has been broken. The result of this is that the
waves propagating from each end of the comb array are no longer identical. The
excitation spectra of the forward and backward propagating waves can be separated by
analyzing the positive and negative k-domains separately. The forward-propagating
spectra for this comb array are shown in the wavelength-domain in Figure 2.26. The
spectra for the backward case are simply the spectra for the forward case in with time
delays in reversed order, and vice-versa.
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Fig. 25 Excitation spectrum of linearly-phased 5-element comb array in k-domain.

The fact that the forward and backward propagating waves have different spectra in the
wavelength-domain allows us to select a time delay parameter such that an ideal mode
will be propagated forward and no mode, or a very weak mode, will be propagated
backward. This gives us directional control of the comb array. This is not the case with
an annular array, which we will address shortly.
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Fig. 2.26 Excitation spectrum forward propagating wave from a linearly-phased 5-element comb
array in wavelength-domain.

Annular Array Time Delays

Following a similar process as was done for the comb case, the excitation spectra for
annular arrays is given by equation (17).

N-1
1 P
F,(k) = % Z R, fl[Rgnk] — Ry fl[Rlnk]}e_m”“ (17)
n=0

However, it is apparent that this cannot be simplified into a form in which the time delay
term causes a direct shift in the excitation spectrum, as was possible in the comb case.
This leads us to the conclusion that linear time delays applied to an annular array will not
simply shift the excitation spectrum. In fact, the excitation spectra for a 5-element
linearly-phased annular array are as shown in Figure 2.27 for the wavenumber domain
and Figure 2.28 for the wavenumber domain.
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Fig. 2.27 Excitation spectrum for a linearly-phased 5-element annular array in wavenumber-
domain.

It is important to notice the fact that the symmetry of the k-domain excitation spectra for
the annular array about k = 0 is preserved after time delays are applied. This is true for
any time delays that are applied to the array, linear or otherwise. This means that the
inward and outward propagating waves are not separated in the wave-length domain.
This makes sense, because the inward-propagating wave from any infinitesimal element
will cross through the center of the array and interact with the outward propagating wave
from the symmetrically opposite infinitesimal element. In the same way, the inward
propagating wave from this second infinitesimal element will interact identically with the
outward propagating wave from the first infinitesimal element. Thus the wave that the
excitation spectra are describing is the sum of the inward and outward propagating waves,
described by the radial k-domain value k.. This is accurate, however in reality, due to the
finite excitation period (pulse) in the time-domain, it is possible for the inward and
outward propagating waves to in fact be separated, dependent upon a sufficiently large
inner radius of the array. This will be further explored in the FEM analysis section of this
report.
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Fig. 2.28 Excitation spectrum for a linearly-phased 5-element annular array in wavelength-
domain.

Another interesting feature that occurs due to this symmetry is that the linear phasing can
be positive or negative (i.e. starting from the innermost element or the outermost
element) and the excitation spectra will be identical. For the comb case, however, this
would swap the forward and backward propagating waves.

Comb Array: N<5, SWR=05 Annular Array: N=5. SWR=05 1 =0.55
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Fig. 2.29 Contour plot of excitation in the wavelength domain versus applied phase delay for comb
transducer (left) and annular array transducer (right) with 5 elements and central radius 0.5s.

The effect of time delays on comb and annular arrays determines the ability of the array
to excite various regions of the dispersion curve. By plotting the excitation spectrum of
an array (at a central frequency) versus the phase delay applied across its elements, we
can gain insight into how the delay alters the excitation spectrum of a particular array.
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Several plots showing this relationship for comb and annular arrays are given in Figures
2.29-2.32. Note the symmetry apparent in the annular array spectra and the similarities to
the comb spectra. The symmetry and the interference pattern are effects of the inward
and outward wave interference.

Comb Amray: N=5, SWR=0.5 Annular Array: N=5, SWR=0.5 ,  4=0.5s
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Fig. 2.30 Surface plot of excitation in the wavelength domain versus applied phase delay for comb
transducer (left) and annular array transducer (right) with 5 elements and central radius 0.5s.

Annutar Array: N=12, SWR=0.5 ,r ,=0.5s
Comb Array: N=12, SWR=0.5
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Fig. 2.31 Contour plot of excitation in the wavelength domain versus applied phase delay for comb
transducer (left) and annular array transducer (right) with 12 elements and central radius 0.5s.
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Annular Array: N=12, SWR=0.5, r ,=0.5s
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Fig. 2.32 Surface plot of excitation in the wavelength domain versus applied phase delay for comb
transducer (left) and annular array transducer (right) with 12 elements and central radius 0.5s.

Separation of the Inward- and Outward-Propagating Annular Array Waves

Due to the fact that the excitation spectrum, as derived previously for the annular array,
describes the sum of the outward and inward propagating waves, we were unable to
separate the two in our wavelength-domain analysis. In order to consider the spectra of
these waves individually, we will need to better define the inward and outward
propagation.

Figure 2.33 shows a generalized disk and a point (r,0) to which a wave is propagating.
Here p is the radial distance to an infinitesimal transducer element from the center of the

array, 6 is the angle to that element from vector 7, and d is the vector from the element to
the measurement point. The angle « is the angle between a line parallel to r and the

vector d, and w is the angle from d to the tangent of the radial vector g.

Fig. 2.33 Geometry of transducer disk and measurement point (r,0).
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From this geometry, we can draw the following conclusions:

d=7%-p ¥ =

b H

—a—8 (18a)

d= [r —pcos(B)]i+ [psin(8)] j (18b)

r— pcos(f) = dcos(a)
= { psin(f#) = d sin(a)

- () eyt s

Now by examining a small annular ring element located at a radial distance p and angle 6
from the origin, we can define the inward and outward propagating waves. In Figure 34,

w is the angle between the wavenumber vector k and the tangent to the radial vector g.
The inward and outward waves can then be defined as in equation (19).

Fig. 2.34 Local geometry for small element
of an annular ring.

baxirmum =8 [deg)
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Fig. 2.35 Separation of the portions of the Fig. 2.36 Critical angle &, at the
annular array responsible for the outward edge of the annular array for
(right) and inward (left) propagating waves for various values of the E ratio.

the case with i =3.7.
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{—?r <Y =<0 outward 19
T=1P >0 inward (19)

Due to the radial symmetry of the array, we can select an angle of & = 0 to examine
without losing generality. This selection, along with equations (18c) and (19) allows us
to identify the maximum angles 6. for any value of p for which any outward
propagating waves can reach an arbitrary point (r,0).

(2 ) %% .

With some trigonometric manipulation, this yields equation (21).

6, = +cos™ (%) (21)

s

Thus the outward propagating wave incident at point (r,0) is entirely described by the
rightward-propagating wave from the annular array segment enclosed between these
angles. The inward propagating wave incident at (r,0) is similarly due entirely to the
rightward-propagating wave from the remainder of the array, as shown in Figure 2.35.

As we can see from equation (21) and Figure 2.36, for relatively large distances from the
transducer, which is the typical assumption for guided wave mechanics, the critical angle
can be approximated as 6, == . Therefore we can approximate that the outward-

propagating wave is due to the nearest semi-annular portion of the array from the point of
interest, and the inward-propagating wave is due to the far semi-annular portion. Thus to
calculate the wavenumber excitation spectra of these two wave packets individually, we
need to take the 2D spatial Fourier transform of a semi-annular array section. In doing
so, we will no longer have the axisymmetric geometry that allowed us to convert the 2D
spatial Fourier transform into a radial Hankel transform. For simplicity in this derivation,
we will consider only a single semi-annular element at first, and we will then generalize
the array geometry for the final equations.

a0 a0

T{f(x,}’]}[kx, k}_) = i f J-f(-’::}’ E—i(kxx+k_1;}'} rixd}? [22)

— 03 —od

This can be converted into polar coordinates as

&0 T

F{f[r,ﬁ]}[k,,q:]=§ f f f(r, §)e ke col@=8) gy (23)

—oz —IT

By substituting the semi-annular element geometry function into this equation, we find
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R, mf2
1 _ .
F;(kr,¢:)=£f fe-w’*-f“'ﬂ?'rdedr (24)
R

¢
4 —.1?.-2

As straight-forward as this integral may at first appear, it in fact has no analytical
solution. Thus to solve this equation analytically, we must expand the geometry function
of the semi-annular element into a Fourier series in the angular domain.

FY0) = Flk, 0) = ) 2™ [ £, Jlh,r) vl (25)

M =—a0

Substituting the annular array geometry functions into (25) yields the 2D polar Fourier
transform of a semi-annular element in equation (26).

F,(k,,6)
2l RZ
= Z Ei_msin(mf}eimm f r] (k _r)dr
1 2 s '
m=—uwm, mz0 Ry
T
+ k_[R: f1[:krﬁz:]_ R1 f1(krR1j] (Eﬁj

"

Since we are concerned only with the outward and inward propagating waves, we can
evaluate the excitation spectrum for waves propagating in the =0 and ¢=n, respectively.
The result of this evaluation, as well as introduction of the time delay term and
summation over all N elements is given in the following equations.

- /2 Ry
F..(k.8) = Z i—m J_ e~ dg J_rfm[k,r] dr ;e mest (27a)
m=—w -2 R,
o .'r.u"E RZ
F._(k,8)= Z (—1)mi™™ f e‘fmﬂdejr;m(k,rj dr p e”e4t  (27h)
m=—m —m /2 R,

This agrees with solutions found in [10] and [11], and can be further simplified through
several trigonometric and Bessel function relations to contract the number of terms over
which the summation is evaluated. Neglecting the time delays:

Ca

= Ry
4
MOEDY I—;i f Phn (k) dr |+ = [Ry L (k,R) =Ry Jy(k,R)] - (28)
m=1 R,
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Ry

= 4 i3
o8 = ) (20 [ e dr|+ 2 R 1GoR) Ry G R)) (280)
m=1

R,

Note that the Bessel function integral can no longer be analytically integrated for all
values of m, due to the varying order of the Bessel function. Thus these equations must
be evaluated numerically for a chosen number of terms, m.

Once convergence has been established, the inward and outward excitation spectra can be
analyzed versus the applied phase delays. In this way, the trends of the individual waves
as a function of phase delay can be understood and compared to those of the comb and
complete annular arrays. The surface and contour plots showing this relationship for an
annular array with 8 elements are given in Figures 2.37 and 2.38. Note that the inward
and outward excitation spectra are identical only for applied phase delays of 0° and 180°.
A significant result of this separation is that we can now see that the inward-propagating
annular array spectrum is quite similar to the forward comb excitation spectrum, and the
same is true for the outward-propagating annular and backward comb spectra.

I 'd Annular Array: N=8, SWR=05
Outward Annular Aray: N=8, SWR=05 . ,=0.55 XMRIC ANRAr VTR

Wavelength . (units of )
Wavelength 2 (units of S)

30 60 90 120 150 180 210 240 270 300 330 380 0 30 60 20 120 150 180 210 240 270 300 330 360
Phase Delay Phase Delay

Fig. 2.37 Contour plots of excitation in the wavelength domain versus applied phase delay
for outward- (left) and inward-propagating (right) waves from an annular array transducer
with 8 elements and central radius 0.5s.

Inward Annuar Array: N=8, SWR=0.5
Outward Annuar Array: N=8, SWR=05 .1 =055

330
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Phase Delay Wavelength 2 (units of S)
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Fig. 2.38 Surface plots of excitation in the wavelength domain versus applied phase delay for
outward- (left) and inward-propagating (right) waves from an annular array transducer \g.{'gh 8
elements and central radius 0.5s.



It can be seen in Figures 2.37 and 2.38 that the excitation spectra for the inward and
outward waves are similar, although not identical, to the excitation of a comb transducer.
This difference exists due to the plane wave nature of the comb excitation as compared to
the circularly-crested wave nature of the annular array excitation. To understand the
effect of the number of elements on the inward and outward excitation spectra of an
annular array, see Figure 2.39. Only the inward-propagation spectra are given due to the
symmetry of the inward and outward spectra.

Inward Annutar Array: N=5, SWR=0.5 Inward Annular Array: N=8, SWR=0.5
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Inward Annular Array: N=12, SWR=0.5
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Fig. 2.39 Contour plots of excitation in the wavelength domain versus phase delay for inward-
propagating waves from a transducer with (clockwise from upper left) 5, 8, and 12 elements.
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The Influence of Guided Wave Mode Excitability

Thus far, we have discussed the excitation spectrum of the transducer arrays in the
dispersion curve space domain (wavelength, wavenumber, phase velocity). This has
provided us complete generality in terms of waveguide structure and transducer loading.
Thus these results are applicable to all structures and all loading scenarios (i.e. shear,
normal, etc.). However, in addition to the excitability spectrum, the mode excitability
always plays a role in guided wave mode excitation. To understand the effect of mode
excitability, we will need to incorporate the effects of specific guided wave mode
excitability that will, in conjunction with the wavelength-domain excitation spectra, allow
us to exactly predict unique waveforms generated by a particular transducer.

To derive the excitability of various guided wave modes, the normal mode expansion
technique is employed. This technique is based on the orthogonality and completeness of
the Lamb wave modes. The orthogonality relation for Lamb waves is:

di2

1
B, = ~2 f (v T, +v,- T;) - é,.dz (29a)
—df2
in which
PI’,I_,L =0 ¥ v=pu
29b
{PI,# *=0, vEU ( )
g2
1
P, = Re > J- (v;-T,) -&.dz (29a)

Here B,, is the time-averaged power, or Poynting vector in the &, direction for the v"
mode, v, is the velocity vector for the p-th mode, T, is the stress tensor for the p-th

mode, and the plate thickness is d. The asterisk denotes complex conjugation.
According to the orthogonality and completeness of the Lamb wave modes, any velocity
or stress field can be represented by an expansion of Lamb wave modes.

vix,z) = Z.ﬁl#[xjv“[z] (30a)

m

T(x,z) = ZJ—I“ (x)T,(2) (30b)

m

In addition to the orthogonality of the wave modes, a complex reciprocity relation also
holds. In fact, this is the relation from which the orthogonality can be derived.

Ve vy Ty +wv,-T;)=0 31
= 1 1 =

Without proceeding through the entire derivation, the amplitude of a guided wave mode v
due to a point traction load t on the surface of a plate according to equation (32).
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6= [ e vi@/2) Ok (32)

We can then use this amplitude value to exactly describe the displacement field of the v*"
guided wave mode excited by the specified traction.

ﬂp(x;zj-—l—jgéfgz J1 t({)e vt d(] J(2)ettivemes) (33)

We can decompose this expression into two components. The first component is dictated
by the wavestructure, while the second is dictated by the loading. The dot product of
these two components yields displacement field of the excited mode. We can extract the
wavestructure component, also known as the excitability matrix, as shown in equation
(34).

E,:
Y 4p

Lal

[, (d/2)]" x v;(d/2) (34)

The excitability matrix E,, has 9 components. It can be shown that for circularly crested
waves in cylindrical coordinates (i.e. 3D and not planar space), the 3D excitability matrix
E2” can be expressed in terms of the corresponding plane wave excitability matrix
components derived here.

By multiplying the 3D excitability matrix with the geometry-based excitability spectrum
(in the k-domain), we can construct an expression for the total wave mode excitability for
any phased annular array or comb transducer loading. Multiplying by the surface traction
density gr,. and including the wave propagation terms to account for spatial and
dispersion and time harmonic oscillation, we can predict the surface displacements at a
given distance due to each guided wave mode. This can then be used to determine the
entire displacement, velocity, or stress field in the structure, if necessary. The surface
displacement predictions due to mode v at a distance r for a phased annular array
transducer are given in equations (35).

|2— -N-1 )
TI s
Uy ™ ||Lk TE”*‘DT” Z{R" J1[Rz K] — Ry J[Ry K]}|etkormmeste) (35a)
d'q .
| 27 | P
Uav ™ |LI;: TESE\»‘DT?' Z{-R" fi R" Rinfi[Rink]} G (35h)

The approximation is due to the Hankel function approximation used for circularly
crested waves. Here Ry = 7, +ns is the inner radius of the n" element, and
R, = mp +ns+wis the outer radius of the n™ element. Note that the excitability
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matrix components shown in equations (35) are actually those for the plane wave case,
and that the appropriate correction factors are used to convert the components to the 3D
circular crested wave case as shown here.

Now that the mode excitability has been defined as a function of guided wave mode and
transducer loading, we can examine the effects of annular array phasing on actual mode
excitation. This requires not only the description of the transducer dimensions, as was
needed for the excitation spectrum calculations, but also knowledge of the waveguide on
which the transducer will act. For the examples shown here, a 1-mm thick Aluminum
plate with the following properties (see Table 2.11) was chosen to demonstrate mode
excitation due to annular array phasing. The transducer used in the model had the
dimensions shown in Table 2.11I.

Aluminum Properties Annular Array Transducer Dimensions
cL=6300m/s | L1=56.29 GPa N=8
¢t =3100 m/s u=26.43 GPa ro=2.5mm
p=2750 kg/ m® w=2.5mm
s=5.0 mm
Table 2.11 Aluminum material properties Table 2.111 Annular array dimensions
used for mode excitation calculations. used for mode excitation calculations.

Various attributes of the excited modes can be analyzed. By using the power-normalized
amplitudes of the guided wave wavestructures calculated with the global matrix method,
the explicit guided wave amplitudes can be plotted. However, a more meaningful value
for guided wave inspection may be the energy in a particular mode. Additionally, it is
easier to interpret the plots if the % of total energy in the waveguide is broken up into
individual modes. Thus the plot in Figure 2.39 shows the % of the total guided wave
energy that can be attributed to each excited guided wave mode as a function of
frequency and phase delay.

In Figure 2.40 the % total energy for the SO mode is plotted from 1-5 MHz, over the full
range of phase delays 0-360°. From these plots, we can see that at many frequencies for
each mode, we can exhibit excellent control over the dominant mode in the structure by
applying phase delays to the annular array transducer. However, there are also regions
for which the transducer cannot effectively excite a particular mode above the others.
This lack of control is due to the excitability of the guided wave modes at that frequency
in conjunction with the transducer loading (i.e. out-of-plane), as well as the bandwidth of
the annular array excitation spectrum at that wavelength.
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Fig. 2.40 Percent total energy of the first 5
excited modes from 1-5 MHz in 1-mm Al
plate with specified annular array, showing
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Effective Range of Wavelength Control for a Phased Annular Array

By applying phase delays to the elements of an annular array, we have shown that the
mode selection capability of the array can be expanded. Different mode and frequency
combinations can be selectively excite under different phase delays and frequencies.
However, it has to be mentioned that the annular array is in general most effective for a
certain wavelength range. Beyond such an effective wavelength range, the mode
selection capability is limited even with different phase delays. The excitation spectrum
for a given phase delay can provide a good indication of the effectiveness of the array at
selectively exciting a particular region of the dispersion curve. Clearly a narrow peak in
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this spectrum would correspond to highly-selective excitation, while a broad peak would
correspond to broad excitation with poor selectivity.

If we consider an annular array with 4 elements that are each 0.1 mm wide, and spaced
0.1 mm apart, for a total transducer diameter of 1.6 mm, it seems highly unlikely that
such an array would be able to effectively control wavelengths on the order of 1-2 cm by
phasing the individual elements. This can be seen by examining the contour plot of
excitation for an annular array as shown in Figure 2.41. For wavelength higher than 1 cm
which is 10 times s, the selectivity is poor. The poor selectivity can be clearly seen when
looking at the 2D excitation spectrum plots.

Annular Array: N=4, SWR=05 , 1,=0.5s

Wavelength 2 (units of S)

00 30 60 90 120 150 180 210 240 270 300 330 360
Phase Delay

Fig. 2.41 Contour plot of excitation in the wavelength domain for a 4-element annular

array over various phase delay values. Notice the poor selectivity in the upper region
of A> 10s.

Figure 2.42 shows the normalized excitation spectrum plots for a 4 element annular array.
The x-axis of the plot is the wavelength in unit of the element spacing s and the y-axis is
the normalized excitation spectrum values. Different colors are for different phase delays.
Note the region in Figure 2.42 where the excitation spectrum rolls off into a large
shoulder. At this point in the wavelength domain, there is clearly very little selectivity.
For instance, attempting to excite a mode with A= 20s while suppressing a mode with A=
25s, would be highly unsuccessful with this annular array (not taking into account the

mode excitability, of course, the limitations of which are independent of transducer
geometry).
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Excitation Spectrum for Yarious Phase Delays, Normalized

5 10 15 20 2%
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Fig. 2.42 Normalized plots of the excitation spectrum for an N=4 annular array,
showing effect excitation range in the wavelength domain.

We can more precisely analyze the effective range for mode selections of annular arrays
by examining the wavelength value at which the final minima occurs in the excitation
spectrum of an N element annular array for various phase delays. Figure 2.43 shows the
results for various N.

Fig. 2.43 Wavelength at which the
final minima occurs. This dictates the
effective range of the annular array.
The final minima occur at different
wavelength values for various phase
delays, but a clear pattern is present.

80

60 -

40

204

Wav elength Value of Final Minima (units of s)

Number of Elements, N Phase Delay (degrees)

It is interesting to note that the number of peaks in the curves shown above is equal to the
N-1, where N is the number of elements for that array. As the number of elements
increases, it is easy to see that the value at which the final minima occurs oscillates about
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a constant value as the phase delays are changed (with the exception of 0 and 360°). By
averaging over curves, we can calculate an upper limit for wavelength range of an array
with N elements. This average value is plotted vs. N in Figure 2.44 and a clear linear
relationship can be observed. This allows one to calculate the effective operating range
for a given annular array.

Table 2.1V shows the upper limit of the effective wavelength range for annular arrays
ranging from 2-20 elements. The wavelength range, A, is in terms of the spacing. Thus
a wavelength range of 10 for a 4-element array means that it can potentially control
wavelengths up to 10 times the array spacing s. Such a table is very useful when
designing annular array probes. After determining the wavelength range to use for a
certain guided wave applications including UMAT applications, one can use the table to
determine the minimum number of elements that can ensure reasonable mode selection
capability.

E 70
2z A
5 B0F y=2/19%-0.4784 ﬁ,@'e :
g P
‘£ S0t o . .
p= o7 Fig. 2.44 The average
2 4nf ad - wavelength at which the
= o final minima occurs over
g J0r @_.erﬂ ' various phase delay values
> ol o | for an N-element array. An
5 o excellent linear fit is
2 1| @,@'Q o gata ] achieved.
e - linear fit
i ol inear |
z % 5 0 15 20 25
Mumber of Elements, N
N Amax (S) N Amax (S)
2 4.76 12 31.0
3 7.33 13 33.6
4 9.98 14 36.2
2 ﬁg 12 iii Table 2.1V Effective maximum range for
7 17'9 17 4 4' 1 N-element annular array transducers.
8 20.5 18 46.7
9 23.1 19 49.3
10 25.7 20 51.9
11 28.3
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2.1.5 Concluding Remarks on Annular Array Theory

Theoretical understanding of guided wave excitations in plate structures by axisymmetric
sources, in particular, annular arrays, is established. It is shown that, similar to comb
transducers, the guided wave excitations of an annular array can be separated into two
factors: mode excitabilities and an excitation spectrum. The excitation spectrum can be
calculated through a Hankel transform of the axial source loading profile. For
comparison, comb transducer excitation spectra are determined by Fourier transforms of
the loading profiles. The excitation spectrum of an active-center annular array or an
inactive-center annular array with a small inner diameter is quite different from the one of
a comb transducer with the same number of elements and element spacing. This is due to
the difference in Hankel transform and Fourier transform. It is therefore necessary to the
model developed in this paper, instead of the comb transducer model, for the
investigations of guided wave excitations by active-center annular arrays and inactive
center annular arrays with small inner diameters. By using the large argument
approximation of the Bessel function included in the Hankel transform, however, it is not
hard to show that the excitation spectrum of an inactive annular array with an inner
diameter much larger than the element spacing is approximately identical to that of the
corresponding comb transducer. A theoretical solution for excitation spectra of phased
annular array transducers is also developed. Such a solution can be used for annular
array transducer design and the selection of appropriate phase delays to achieve desired
guided wave mode and frequency selection. Based on the theoretical solution, it is also
clear that phased annular array transducers can be used to select different guided wave
modes and frequencies by varying the phase delays and driving frequencies applied to
different array elements.

2.2 Guided Wave Mode Expansion Method for Vibration Study

2.2.1 Introduction

The basic idea of the ultrasonic vibration method that has been developed under this
project is that certain vibration modes with special sensitivity to defects of interest can be
excited using the guided wave loading functions provided by annular array actuators. The
strong ties between vibration modes and guided wave modes are the foundation of the
work for this project. Different actuator loading functions (in terms of frequency and
phased transducer elements) lead to different steady-state vibration fields in the
interrogated structure. The differences in these fields are due to the superposition of
various structural modes excited with relative amplitudes and phases. It was initially
theorized that a relationship may exist between the transient guided waves initially
propagating from the actuator and the final steady-state structural vibration due to the
superposition of the interfering wave reflections. In order to further explore this concept
theoretically, it was proposed that the final steady-state structural vibrations could be
decomposed into the propagating guided wave modes for the structure with relative
amplitudes and phases.
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Classical thin plate theories, including Kirchhoff and Mindlin theories, are based on the
assumption of simplified through-thickness displacement distributions in the plate during
vibration.®* These simplifications allow for closed-form analytical solutions of the
vibration equations to a reasonable degree of accuracy for calculating general mode
shapes and resonant frequencies. However, these theories become inapplicable if the full
three-dimensional through-thickness displacement field is of interest, the shear modes are
of interest, or thick plates are being investigated."> **! Several approaches exist to solving
the three-dimensional elasticity plate vibration problem, including those pioneered by
Srinivas™, Liew!*”, Ljunggren™® and others.

The ultrasonic guided wave vibration formulation was developed on the premise of the
partial wave technique, which is a powerful method used in guided wave theory to
predict the existence of guided wave modes in isotropic and anisotropic single- or
multilayer plate-like structures. The partial wave method relies on the principle of
superposition and assumes that all possible bulk wave modes exist in a structure and
travel in both the positive and negative transverse directions in the waveguide with
unknown amplitude and phase. By applying the concept of superposition, only a finite
number of relative amplitude and phase combinations for the various wave modes can
collectively satisfy the boundary conditions of the structure. This approach was modified
by analyzing the propagation of all possible propagating and evanescent guided wave
modes traveling in the positive and negative lengthwise directions of a semi-infinite
plate-like structure.

Full-field elasticity solutions of structural vibration problems are often achieved by
expanding the solution as a superposition of complete orthogonal functions in the
thickness and/or other dimensions of the structure.®®*™ Such sets of complete
orthogonal functions include trigonometric functions, Chebyshev polynomials, and other
orthogonally generated polynomials. The technique described in this paper can be
viewed as a similar expansion in the thickness dimension coupled with a traveling wave
assumption in the length dimension. However, in this case of this formulation, the set of
complete orthogonal functions utilized for the expansion is not simply chosen based on
mathematical convenience. The set of functions used here are the transverse
displacement and stress field solutions for the propagating and evanescent guided wave
modes in the structure, which satisfy the requirements of a complete and orthogonal sett!.
Thus the relative amplitude and phase vector for any vibration solution will yield
physical insight into the connection between transient guided wave and steady-state
structural vibration of the structure.

2.2.2 Guided Wave Vibration for Semi-Infinite Plates

The initial structures to be investigated for the guided wave vibration formulation theory
were semi-infinite plate-like structures. Such structures have a finite constant thickness,
a finite length in one dimension, and an approximately infinite length in the other
dimension. Such a model would be representative of any plate-like structure in which
one of the dimensions is much greater than the others.
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Theoretical Development

The elastic field that satisfies the harmonic equilibrium condition of a semi-infinite plate-
like structure in steady-state vibration can be expanded as a superposition of propagating
and evanescent guided wave modes traveling in the positive and negative x-directions.
This can be written in terms of stresses ¢ as

o(x,z) = Z Q#E#[z:]e“:k,mx_mfj _|_Z rx:ﬁ# (zjeilik#':x—.{-}—mrjlr
Het u=1 (36)

in which u signifies the guided wave mode number, a and o are the relative complex
amplitude coefficient for each mode in the + and —x-directions, k is the wavenumber, L is
the length of the plate, w is the angular frequency, and & is the transverse stress field (i.e.
wavestructure) solution for each guided wave mode. The first term corresponds to waves
traveling in the +x-direction and the second term to waves traveling in the —x-direction.

The plate was then discretized with N nodes along the thickness direction, as shown in
Fig. 2.45, and the semi-analytical finite element (SAFE) method [19-22] was utilized to
develop the dispersion curves and wavestructure solutions for the desired frequency
range in the structure. The result of a SAFE dispersion analysis with N nodes is a set of
3N guided wave solutions in each x-direction.

Fig. 2.45 An example of a possible discretization of the semi-infinite plate in the
thickness dimension, in which 5 nodes were used in this case.

All six possible combinations of the three classical boundary conditions (free,
simply-supported, and clamped) for the semi-infinite plate were successfully considered.
The free-free boundary conditions, given as one example, are

g, (x=0z)=0, (x=Lz)=0
g, (x=0z)=0,.(x=Lz)=0.
o.,(x=0z)=a,,(x=Lz)=0 (37)

Upon applying the boundary conditions (37), by the collocation principle, to the
discretized equation (36), a matrix equation is developed as a function of frequency:
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Here the vector of complex amplitudes «a is the only unknown and is a function of
frequency. This can be written in a simpler manner by representing the large matrix as
A:

[Al{a} = (0} (39)

Thus all nontrivial solutions to this matrix equation must correspond to the
frequencies at which the determinant of A is equal to zero:

Al =0 (40)

This determinant was plotted as a function of @ and an iterative root-finding algorithm
was used to locate the frequencies at which equation (40) is approximately satisfied.
These frequencies are the natural resonant frequencies of the structure.

In order to determine the complex amplitude vector o associated with each natural
resonant frequency, the nullspace of A at each resonant frequency must be determined.
However, since discrete values of w and a finite number of guided wave modes were
used in the superposition formulation, the matrix is not an exact representation of the
system. Thus it is possible that all rows of the matrix can be linearly independent, which
leads to a situation in which the rank of matrix A is 6N and the nullspace of the matrix
subsequently does not exist. To overcome this, an artificial eigenvalue problem can be
developed as in equation (41).

Ac—Ae =0 ;A=10 (41)
1y (2 (&N
Ay 1 @y e Oy
(1 (2 (&N
ﬂ_: A;z : 2: fx:l fle . ﬂ:zl — [al:l:l (II:E} . ﬂI:GN}:l
Aoy W @ (e
oN Xen ey - Fgy (42)

This equation is identical to (39) as long as the eigenvalue 1 is equal to zero. To
approximate this case, the eigenvalue problem (40) was solved and the smallest
eigenvalue and corresponding eigenvector solution were considered. As long as this
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minimum eigenvalue is close to zero, the solution is a good approximation of equation
(39) and thus (40) as well. Thus the complex amplitude vector for each resonant
frequency is the eigenvector associated with the minimum eigenvalue, as shown in
equations (43) and (44).

AT = min(4) & 0 (43)
Ty
&g

o= u':‘jlmi.ﬂ} = ﬂ!a
ey (44)

These solutions were then used to reconstruct the full stress or displacement vibration
fields associated with each resonant frequency according to equations (45) and (46),
respectively.

anN BN
o(x2) = Z aﬁﬁaizjeilik“x_mj t Z a#ﬁa(i’]e“:k#':x‘ﬂ‘”*j
u=1 w=3N+1 (45)

EJ"II- 6‘\'?
ulx2) = Z @, (2)eikwxmer) 4 Z @, (z)eilkuls—1)-wt)
I'-'L=1 ,'.L=3;".“+1 (46)

The 1D Semi-Analytical Finite Element Method (1D SAFE)

The dispersion analysis method known as the semi-analytical finite element (SAFE)
method was utilized for the guided wave vibration formulation. The details of this
method are given here.

Some waveguide problems lend themselves to reasonable analytical solutions, including
the Lamb and Rayleigh problems, as well as simple geometries such as pipes and multi-
layered isotropic structures. However, for structure with a complex cross-section and/or
anisotropic material properties, analytical solutions can become cumbersome and very
difficult to formulate, let alone solve. Thus several techniques exist for solving guided
wave problems in such waveguides, one of which is the semi-analytical finite element
(SAFE) method.

The SAFE method takes advantage of the known exponential harmonic wave solution in
the wave propagation direction,'**%? as shown in equation (47).

E(sz — ﬁ[zjei(kx—mr} (47)
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If we consider guided waves to be traveling waves in the wave propagation direction
coupled with transverse resonance, or standing waves, in the waveguide thickness
direction(s), then we only need to solve for the latter. To do this, the waveguide must
first be discretized into a number of elements. For the case of a plate-like structure in
which we assume plane wave solutions (i.e. the structure is infinite in the in-plane
direction perpendicular to the wave propagation vector), this entails simple 1-D
discretization through the thickness. For this research, 3-node (quadratic) elements were
used. As in traditional finite element analysis, the shape functions of these elements can
be described in local coordinates by equation (48).

[N] =[Ny N N;]

. ) 1
N=3EE-D N=1-8 N =3I +D) (48)

Therefore the displacements for any element can be written as in equation (49) based on

the shape functions [N] and nodal displacement vectors d, combined with the assumed
harmonic solution in the wave propagation direction.

{E} — [N({]]{E}eika—mﬂ (49)

Additionally, we can determine the strain and stress relations from the displacement
vector from equations (15) and (16).

d d a1 .
@ =|egtLg; v L6 o

{o} = [Cl{=} (51)

Here [C] for is the material stiffness matrix for each element and [L;] are the gather
matrices in equation (52).
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(52)
By substituting the displacement expression in equation (49) into the strain expression in

equation (50), we can formulate the strain in terms of the shape functions, gather
matrices, and nodal displacements.

{TE-"} — [31 + ikﬂ.zj{a‘}eika—mr} (53)
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in which

d[N] d[N]
B,|=I|L,| ——+ L] —— and B,|=[L,][N
(8.1 =[1,] -+ (L] 5 B:) = LN

We can also describe any external traction {t} in terms of the nodal external
traction vector {T}.

{E} — [N]ﬁ}ei(kx—mr} (55)

We now have expressions for all necessary variables in the principle of virtual
work, as written in equation (21), in which the 6 operator denotes the variation.

ff S (¢)dT = L s - v+ L SEY (5} v

(56)

The substitution of these expressions into the governing equation (56) yields
equation (57).

L 5(d) [NI[NI{T}dr
:J s{d} [INT"(~k2p[N1{d)}) av

+J 5(d} (B, + kB,)T[C](B,
+ ikB,)dV (57)

By removing the arbitrary virtual nodal displacements and simplifying, we find the
following relation.

{F} = (K] + ik K] + K2 (K] {d} - w?[M]{d} (58)

In which the following force, mass, and stiffness matrices are used, similarly to
conventional finite element analysis.™**?4

m=| 11[~Jf[~] @) s

K] = f (B,7[c] [B,] d¢

1
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[K,] = f ([B,7ICI[B,] - [B,][C[B,]) dé
. (59)

K] = f (B,17[C](B,] d¢

(] = f p[NIT[N] d¢

By applying the traction-free boundary conditions on the top and bottom surfaces, an
eigenvalue problem can be formed.

([Al- k[BD{Q} = {»} (60)
in which

— 0 [K,] - iw”[M] _ K- iw®[M] 0
A= |y oo ) B1=[ )

@-|9 o[

(61)

For an unloaded plate, E} = {p} =0, and thus equation (60) can be solved by the
following determinant.

|[A4] — k[B]I= 0 (62)

The eigenvalue solutions to (62) are the wavenumber k values as a function of ®. From
these values, the phase and group velocity dispersion curves can be generated for the
structure. The eigenvectors correspond to the wavestructure of each guided wave k-o
solution. A total of 6N eigenvalues will result from this system, where N is the total
number of nodes in the SAFE model. These eigenvalues may be complex, with real
values corresponding to propagating guided wave modes and complex or imaginary
values corresponding to evanescent modes (for an elastic material). Half of these
solutions correspond to propagation in the +x-direction and the other half are the
conjugates in the —x-direction.

Numerical Analysis and Results
The approach developed in the theory section was coded in MATLAB and a number of

cases were analyzed over various frequency ranges. For all cases, a homogeneous
isotropic aluminum semi-infinite plate with thickness of 1 mm and length of 100 mm
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was considered. The material properties of the plate were Young’s modulus of 70 GPa,
Poisson’s ratio of 0.35, and mass density of 2700 kg/m®. All six possible unique
combinations of free, simply-supported, and clamped boundary conditions were used.
Initially, the frequencies of interest were limited to those below 60 kHz, but to
understand the effect of modes beyond the first guided wave cutoff frequency, a higher
frequency range of 2.50 — 2.55 MHz was analyzed.

Initial Determinant Function
S00
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00

Determinant (log)

kOO

&00

0.01 0.0z 0.03 0.04 0.05 0.0B
Frequency (MHzZ)

Fig. 2.46 The determinant curve generated by the guided wave vibration formulation for
a 1-mm thick by 100-mm long aluminum semi-infinite plate with free-clamped boundary
conditions for frequencies ranging from 0-60 kHz.

For the lower frequency range, a typical example of a determinant curve as a function of
frequency is given in Fig. 2.46. The natural frequencies of the structure occur at the
minima of this curve. The results from the guided wave approach described here are
compared to results using a standard finite element (FE) eigenvalue solver in Abaqus
Standard with equivalent discretization in the thickness direction. The results of this
comparison are shown in Table 2.V.
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Table 2.V Comparison of the natural resonant frequency results for a 1-mm thick by
100-mm long aluminum semi-infinite plate with free-clamped boundary conditions,

calculated by the guided wave method developed here as well as a FE solver in Abaqus

Standard, both with 21 nodes through the thickness.

Mode Type FEM Freq. GW Freq. % Diff
Flexural 1 550 551 0.18%
Flexural 2 1539 1541 0.13%
Flexural 3 3012 3017 0.17%
Flexural 4 4972 4979 0.14%
Flexural 5 7412 7424 0.16%

Shear 1 N/A 7883 N/A
Flexural 6 10329 10345 0.15%
Compressional 1 13594 13613 0.14%
Flexural 7 13716 13738 0.16%
Flexural 8 17565 17594 0.17%
Flexural 9 21869 21906 0.17%

Shear 2 N/A 23649 N/A

Flexural 10 26618 26666 0.18%
Flexural 11 31805 31864 0.19%
Flexural 12 37418 37491 0.20%

Shear 3 N/A 39416 N/A
Compressional 2 40781 40837 0.14%

Flexural 13 43447 43536 0.20%

Flexural 14 49882 49989 0.21%
Shear 4 N/A 55182 N/A
Flexural 15 56712 56839 0.22%

Note that the values of the determinant in Fig. 2.46, even at the minima, are
extremely large and cannot be approximated as zero. This is due to the fact that the
determinant is that of a 126 x 126 matrix comprised of stress values on the order of
10° to 10° as well as displacement values on the order of 10° to 10°. If clamped-
clamped boundary conditions (all displacement) are used, the determinant values are
closer to the order of 10°%, while if free-free boundary conditions (all stress) are
used, they are on the order of 10°°®. Regardless of the explicit values of the
determinant, the matrix can be normalized if desired, and the roots are found to be
the minima. As is shown in Table 2.V, the fact that the determinant values do not
approach zero does not negate the accuracy of the method, as the % error for all
frequencies is less than 0.25%.

For the purposes of this research, the guided wave modes that comprise each
resonance are of equal importance as the frequencies at which those resonances
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occur. To analyze the relative significance of each guided wave mode with regard to
each structural vibration mode, the complex amplitude vector « can be analyzed at
each resonant frequency. Recall that this amplitude vector is determined by
equations (41)-(44). The amplitude vectors were normalized and the relative
amplitudes of the propagating guided wave modes were plotted for each resonant
frequency, as in Fig. 3. Note that in this lower frequency range only three
propagating guided wave modes exist: SHO, SO, and AO. It is apparent from these
bar plots that each resonance is associated with a single propagating guided wave
mode in the frequency range below the first cutoff. This will not be the case at
higher frequencies, in which vibration modes corresponding to coupled guided wave
modes can exist.

Although frequencies as high as 60 kHz may be considered quite high for traditional
structural modal analysis, these are relatively low in the guided wave domain. To
ensure that this method accurately calculates resonant frequencies in higher
frequency ranges, as well as to investigate the relationship between guided waves
above the first cutoff and steady-state vibration, analyses were performed in the
range of 2.50-2.55 MHz. The results of such an analysis for the free-free case are
shown in Fig. 4 and 5. Note that a single vibration mode may be associated with
multiple guided wave modes in this frequency range. This agrees well with the
mode conversion behavior of a normally incident guided wave below the first cutoff,
for which mode conversion does not occur.

726 Guided Wave

sH Mode

1641
Freg. (Hz) 3017

Fig. 2.47 The relative guided wave mode amplitudes corresponding to the resonant
frequencies from 0-60 kHz for a 1-mm thick by 100-mm long aluminum semi-infinite
plate with free-clamped boundary conditions. Note that no mode coupling occurs and
each resonance can be attributed to a single propagating guided wave mode.

55



Initial Determinant Function
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Fig. 2.48 Determinant curve for free-free semi-infinite plate in the frequency range of
2.50-2.55 MHz.

Guided Wave Mode
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Fig. 2.49 The relative guided wave mode amplitudes corresponding to the resonant
frequencies from 2.50-2.55 MHz for a free-free plate. Note that mode coupling
does occur above the first cutoff frequency.
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In addition to the analysis of resonant frequencies and guided wave mode
amplitudes, the full elastic field associated with each resonance (i.e. the mode shape)
can also be determined. This is done by combining the guided wave modes with
respect to the amplitude vector a according to equations (45) or (46). One example
of such a reconstruction is shown in Fig. 2.50 for the in-plane and out-of-plate
displacement fields associated with the 3™ vibration mode at 3017 Hz for the
aluminum semi-infinite plate previously described. The fields shown here, as well
as the other fields calculated using the guided wave method, are in excellent
agreement with the standard FE mode shapes. Note that although only the
propagating guided wave mode amplitudes are shown in Fig. 2.47 and 2.49, the
evanescent modes are critical in order to satisfy the boundary conditions and must be
included during the field reconstruction to achieve an accurate result.

*-displacement

o

¥ (mm)
Z dlsplacement

51 18 1M
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Fig. 2.50 The reconstructed displacement fields for the 3™ vibration mode of the
semi-infinite plate at 3017 Hz.

2.2.3 Guided Wave Vibrations for Cylindrical Structures with Arbitrary
Cross-Section

Beyond the semi-infinite plate structures initially investigated to determine the validity of
the guided wave vibration theory, more complex finite structures were also examined
using a similar approach. These are cylindrical structures with arbitrary cross-section,
which could include any bars or beams with any cross-section (i.e. circular, rectangular,
or of any complex 2D shape).

Theoretical Development
The guided wave vibration formulation for semi-infinite plate like structures provided a

significant amount of insight into the link between transient waves and steady-state
vibration. However, the direct applicability of the results is limited by the semi-infinite
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nature of the structure analyzed in the problem. In order to apply the results to more
realistic finite three-dimensional structures, the method was expanded to cylindrical
objects with arbitrary cross-section. This would include bars, beams, rails, and many
other structures.

In order to realize this expansion, a two-dimensional semi-analytical finite element (2D
SAFE) approach was utilized to develop the dispersion and wavestructure solutions for
the structure. The 2D SAFE method is formulated along the same lines as the 1D SAFE
method detailed above, with changes to accommodate the additional dimensionality of
the problem. For the case shown in Figure 2.51, a 1 meter long bar with a rectangular
cross-section of 4 x 8 cm was considered. A linear 8 x 8 element mesh was used for the
analysis, as detailed in Figures 2.52 and 2.53.

ki

S
X

Fig. 2.51 Diagram of the 4 cm x 8 cm x 1 m beam

100 cm

Mathematically, the guided wave vibration formulation for the three-dimensional
cylindrical problem is very similar to that for the semi-infinite plate problem, with the
exception of the 2D SAFE instead of the 1D SAFE dispersion analysis. However, instead
of applying the boundary conditions to each node through the thickness, they must be
applied to all nodes across the cross-section of the ends of the structure. For the case of
the rectangular beam with 8 x 8 elements detailed here, this approach yields 243 left- and
right-traveling power-normalized guided wave dispersion and wavestructure solutions
and thus the full system of equations must contain 486 homogeneous boundary
conditions equations. This leads to a characteristic matrix A(f) with dimensions 486 x
486.

The 2D Semi-Analytical Finite Element Method (2D SAFE)

The SAFE method takes advantage of the known exponential harmonic wave solution in
the wave propagation direction, as shown in equation (63).

u(x,y,2) = U(y,2)e ) (63)

If we consider guided waves to be traveling waves in the wave propagation direction
coupled with transverse resonance, or standing waves, in the waveguide thickness
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direction(s), then we only need to solve for the latter. To do this, the waveguide must
first be discretized into a number of elements. For the case of a cylindrical object with
arbitrary cross-section, this entails 2D discretization of the cross-section, as shown in
Figure 2.52. For this research, 4-node (linear) elements were used, as shown in Figure
2.53. As in traditional finite element analysis, the shape functions of these elements can
be described in local coordinates by equations (64) and (65).

N, 0O 0O N, 0 0 N, O 0 N, O 0
INGm]=|0 N, 0 0 N, 0 O N, O O N, O
o o0 N, O 0 N, 0 0 N, 0 0 N, (64)
1 1
M= (1-D-n) M= 1+ 1)
N=l(1+H14n) N=t(1-51+1)
373 4 n 373 ¢ n (65)
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8¢ =0 26 35 24 53 P 717 80
) (15) (23) (31) (39) (47) (55) (63)
79 67 754 34 7% 52 i 707 75
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Fig. 2.52 Mesh for the beam cross-section
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Fig. 2.53 Local coordinate system for linear
g elements

v

O O
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Therefore the displacements for any element can be written as in equation (66) based on

the shape functions [N] and nodal displacement vectors d, combined with the assumed
harmonic solution in the wave propagation direction.

fuy= [N(frﬂ]]{a}eickx_mﬂ (66)

Additionally, we can determine the strain and stress relations from the displacement
vector from equations (67) and (68).

d d d (ko
@ = Lot Ly 5o+ Lo | NG )l Eetxe? -

{e} = [C]{=} (68)

Here [C] for is the material stiffness matrix for each element and [L;] are the gather
matrices in equation (69).

h
cCoo0 oo
F oo oo o
orocooo
===
N =N=R=R =
corooo
oRrROoOOoO O
=N ===
cCooROoOo

(69)
By substituting the displacement expression in equation (66) into the strain expression in

equation (67), we can formulate the strain in terms of the shape functions, gather
matrices, and nodal displacements.

{T‘E."} — (Hl + ikﬂ.:j{&}ei(kx—mr} (70)
in which
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a[N] 9 [N]
B,|=|L,| ——+ L] —— and B,|=[L.][N
(8.1 =[1,] -+ (L] 5 (B3] = [L,]IN] -

We can also describe any external traction {} in terms of the nodal external traction
vector {T}.

{E} — [N]ﬁ}ei{kx—mr} (72)

We now have expressions for all necessary variables in the principle of virtual work, as
written in equation (73), in which the 6 operator denotes the variation.

8% {u}
gt

fr S (¢)dr = L S p - v + L SEY (@) av

(73)

The substitution of these expressions into the governing equation (38) yields equation
(74).

L 5(d) [NI[NI{T}dr
:J s(d) [N"(~k*pIN](d}) av

+J 5(d} (B, + kB,)T[C](B,
+ ikB,) dV (74)

By removing the arbitrary virtual nodal displacements and simplifying, we find the
following relation.

(F} = ([K,] + ik 1] + K2 (K] {d} - w?[M]{d} (75)

In which the following force, mass, and stiffness matrices are used, similarly to
conventional finite element analysis.

F) = f_lif_li[nr]f[m]ﬁ} ¢ dn
] = | | 11[31]?[::1 [B,] dé d

[K,] = f f (IB,I[C[B,] — [B.I[C][B,]) dedn
-1J-1 (76)
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] = | | i[H;]T[C] [B,] d& dn

[M] = f_llf_llp[mf[m] dt dn

By applying the traction-free boundary conditions on the top and bottom surfaces, an
eigenvalue problem can be formed.

([4] - k[BD{0} = (1} (77)
in which

_ 0 [K,] —iw?[M] _ [[K,] — iew?®[M] 0
l41= [K,] —iw?®[M] i[K,] ] 8] = [ 0 —[ﬁ'ﬂ]

@-|9 o[

(78)

For an unloaded plate, E} = {p} =0, and thus equation (77) can be solved by the
following determinant.

I[A] — k[B]|=0 (79)

Just as in the 1D SAFE solution, the eigenvalue solutions to (79) are the wavenumber k
values as a function of o. From these values, the phase and group velocity dispersion
curves can be generated for the structure. The eigenvectors correspond to the
wavestructure of each guided wave k-o solution. A total of 6N eigenvalues will result
from this system, where N is the total number of nodes in the SAFE model. These
eigenvalues may be complex, with real values corresponding to propagating guided wave
modes and complex or imaginary values corresponding to evanescent modes (for an
elastic material). Half of these solutions correspond to propagation in the +x-direction
and the other half are the conjugates in the —x-direction.

Numerical Analysis and Results

For the case discussed here, a frequency range of 0-5000 Hz was selected for
consideration, because it contains a number of flexural, compressional, and torsional
natural modes, as determined by a traditional eigenvalue analysis in Abaqus 6.9
commercial finite element software. Direct calculation of the determinant of this
characteristic matrix leads to exceedance of the real max and real min values of
MATLAB in double precision, so the condition value of the matrix was used instead to
determine the frequencies for which the matrix is approximately singular.
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The dispersion curves for the structure, which were extracted from the 2D SAFE
solutions, are shown in Figure 2.54. The mode with the highest phase velocity is the
fundamental symmetric-type mode, the mode with the second-highest phase velocity is
the fundamental shear-type mode, and the other two modes are the fundamental anti-
symmetric-type modes corresponding to the x- and y-dimensions of the cross-section.

6000
5000 / .
Symmetric
@ 4000} -
g
ol
S
2 3000t Shear -
> \
[ H]
%]
o
& 2000} _ _ -
Antisymmetric x
1000+ “< 1
Antisymmetric y

0 1 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)

Fig. 2.54 Dispersion curves for the 4 cm x 8 cm rectangular cross section

The resonant frequencies are visible as spikes in the condition value curve for the
characteristic matrix. The values of these resonant frequencies were compared to those
obtained by a traditional eigenvalue analysis in Abaqus 6.9 for the same structure. A
finer mesh was used in the eigenvalue analysis to ensure convergence. The results are
compared in Table 2.V1.

In addition to the calculation of the resonant frequencies of each vibration mode, the
amplitude factors of different guided wave modes in the expanded vibration fields at
vibration resonances were calculated. Figure 2.55 shows the amplitude factors of four
guided wave modes for the first several resonant frequencies of a bar with an 80 mm by
40 mm by 1 m dimension. The mode 1, mode 2, mode 3 are the three fundamental guided
wave modes for the beam. The amplitude factors were normalized in a way that the
summation of all amplitude factors for all the guided wave modes equals 1. Since the
upper limit of the frequency range shown in the figure is below the first cut-off frequency
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of the beam, the vibration resonances are all strongly associated with a single guided
wave mode, i.e., for each vibration resonance, one of the four guided wave modes has an
amplitude factor very close to 1. This is fully expected from our previous work on mode
conversion studies for guided wave reflections at straight edges, in which we have shown
that there are no mode conversions under the first cut-off frequencies for the plane wave
normal incident cases. As a validation for the amplitude calculations of the guided wave
mode expansion method, the amplitude factors for the first 17 vibration modes are given
in Table 2.VI. The parameters used in the calculations and the calculation errors are also
given. Notice that the errors are all lower than 1%. The calculated amplitude factors were
also used with the mode expansion formula to calculate the vibration mode shapes. Very
good agreements between the mode shapes calculated using the amplitude factors and the
ones predicted by FEM. The mode expansion method is therefore further validated.

Table 2.VI Summary of amplitude factor calculation results for the validation of
the guided wave mode expansion method

Steady State Vibration Resonant Frequencies Guided Wave Amplitudes

Vib. Mode Type | Vib. Mode Order | FEM_lim | FEM_mesh | GW Vib |% error|GW 1(A,)|GW2(A,)|GW 3 (SH)| GW4(S) | Match?
Flexural 1, 211 209 212 0.47% 1 0.01 0.01 0 v
Flexural 1, 408 405 409 0.25% 0 1 0 0 v
Flexural 2, 573 569 575 0.35% 1 0 0 0 v
Flexural 2, 1069 1062 1071 0.19% 0.01 1 0 0 v
Flexural 3, 1103 1097 1107 0.36% 1 0 0.01 0 v
Torsional 1 1189 1167 1197 0.67% 0 0.02 1 0 4
Flexural 4, 1785 1774 1792 0.39% 1 0.03 0.01 0 v
Flexural 3, 1976 1965 1981 0.25% 0 1 0 0 v
Torsional 2 2382 2337 2398 0.67% 0.01 0.01 1 0.01 v
Compressional 1 2583 2583 2584 0.04% 0 0 0 1 v
Flexural S, 2602 2586 2611 0.35% 1 0 0 0 4
Flexural 4, 3063 3047 3071 0.26% 0 1 0 0 v
Flexural 6, 3536 3513 3550 0.40% 1 0 0 0 v
Torsional 3 3581 3516 3605 0.67% 0.01 0.01 1 0 v
Flexural 5y 4281 4260 4294 0.30% 0.01 1 0.01 0.01 v
Flexural 7 4573 4548 4590 0.37% 1 0 0 0 v
Torsional 4 4788 4694 4821 0.69% 0 0.01 1 0 v

For conceptual understanding, the deformed mode shapes of the beam with superimposed
von Mises stress distributions from the Abaqus eigenvalue analysis are shown in Figures
2.56 through 2.59.
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Fig. 2.55 Guided wave amplitude factors for the vibration modes of a rectangular beam.

Fig. 2.56 Flexural mode 2,

Fig. 2.57 Flexural mode 4,
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Fig. 2.58 Compressional mode 1

Fig. 2.59 Torsional mode 4
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2.2.4 Significance and Interpretation of the Guided Wave Theory

The development of guided wave vibration theory for various structures provides
significant new insight into the connection between transient guided wave propagation
and steady-state structural vibration. Not only does this work successfully demonstrate
that the resonant frequencies and mode shapes of various structures (across a broad range
of frequencies) can be calculated based on guided wave theory, but it also allows us to
associate known structural resonance frequencies and mode shapes with specific
propagating guided wave modes. This understanding could be utilized to selectively
design appropriate actuators to excite guided wave modes with desired properties and
have a transducer resonance at the resonant frequency of the structure associated with
that desired guided wave mode. Additionally, based on the known sensitivity properties
of different guided wave modes, these properties could be extended to the structural
resonance(s) that are comprised primarily of that mode. All the possibilities of applying
this knowledge to the UMAT concept are yet to be investigated.
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3. Finite Element Simulation

Throughout this project, finite element simulations were used extensively to serve as
powerful numerical experimentation to validate theoretical developments and also to
assist in actuator design.

3.1 FE Validation of Annular Array Theory

3.1.1 Waveform Predictions for Phased Annular Array Transducers

To verify the theoretical development established for phased annular array transducers
during this project, several finite element (FE) simulations were performed in
Abaqus/Explicit commercial finite element software.

Finite Element Model Design

The finite element model chosen to test the waveform predictions for annular arrays is a
1-mm-thick isotropic aluminum disk with material properties: Young’s modulus = 70
GPa, Poisson’s ratio = 0.35, and density = 2700 kg/m®. Normal pressure loading was
applied evenly across the area of the transducer elements at a pressure of 1000 N/m?.
The time-domain signal applied to the elements was a 5-cycle Hanning-windowed tone
burst centered at 300 kHz. The annular array parameters were as follows: N =4,s=3
mm, WSR = %, and r, = 1.5 mm. Linear time delays of 833 ns were applied to the
elements. Measurement output was taken as in-plane and out-of-plane displacement on
the top and bottom surfaces at a distance of 30 cm from the center of the array. Sampling
frequency used for data collection was 25MHz. The model was constructed using
axisymmetric stress elements and the model discretization was done with a mesh size on
the order of 50 pm. A picture of the model near the transducer is given in Figure 3.1.
Figures 3.2 and 3.3 show the in-plane displacement fields of the A0 and SO modes,
respectively.

elements

Fig. 3.1 Finite element model of 1-mm aluminum plate and N=4 annular array

transducer elements.
68



Fig. 3.2 In-plane displacement field of
the AO mode propagating in the FE
simulation.

Fig. 3.3 In-plane displacement field of
the SO mode propagating in the FE
simulation.

Analytical Waveform Expressions

Recall that the displacements u associated with a propagating guided wave mode v
generated at a distance x and depth z due to a point source surface traction t on domain {
is described by equation (80).

u,(x,z) =

V-ji;ffz} ] J.t{:(}ﬁ_ik:'"? d{]ﬁv{Z}Ei(k;x_mt}
e (80)

By applying this point source solution to the geometry of the phased annular arrays
studied here, an expression for the displacements generated by such arrays for particular
guided wave mode v is described in equations (81), in which E, is the excitability matrix
for the mode.

2
Uy ~ ikvr Exz,.pTr

N_

1
{Rzﬂ.rrj_ [Rzﬂ k] - Rlﬂlrl [Rln k]} Ei(kpf‘—ﬂmﬂt}
o

n=

(81a)
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By calculating the values of the excitability matrix and the wavenumber-frequency
relations for the plate waveguide modeled in the FE simulation, and then calculating the
displacement field as a function of time based on the time-domain annular array forcing
in the model, the expected guided wave displacements can be predicted at a given
distance from the transducer.

Comparison of Predictions and FE Results

The output data from the FE model was compared to the analytical predictions for both
the in-plane and out-of plane displacements for the A0 and SO modes. A comparison of
the results is given in Figures 3.4 and 3.5. It can be seen that the predicted results match
well with the finite element results, thus verifying the analytical calculations for the
phased annular array excitation spectrum.

L 10" Prediction vs. FEM for S0 Mode (ring)
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m
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—
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Fig. 3.4 In-plane displacement signal of the SO mode from the FE simulation (red)
compared to the analytical prediction (blue).
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Fig. 3.5 In-plane displacement signal of the A0 mode from the FE simulation (red)
compared to the analytical prediction (blue).

It should be explained that in the time-domain waveforms above, the SO and A0 modes
were separated by adding or subtracting the displacements measured on the top and
bottom surfaces of the plate in the FE simulation. The symmetric (S) modes have
symmetric in-plane displacements and antisymmetric out-of-plane displacements about
the midplane, while the antisymmetric (A) modes have the opposite symmetry
configuration. This can be used to decouple the symmetric and antisymmetric modes
from the time-domain results. The following equations were used to perform this
separation.

uiop (x,t) = %(up (6,8) + uf,i, n (x,8) )
o (58) = 5 (45, (5, 8) — o (5,0)
ws, (x,t) = %( wiE (x,6) = wiE, . (x,8) )
wh(x,t) = %{ Wi (x,6) + WiE, o (1,2) ) )

Here u and w refer to the in-plane and out-of-plane displacements, while A and S
superscripts refer to the symmetric and anti-symmetric modes, respectively. The
superscript FE refers to the measured displacements from the FE simulation.
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3.1.2 Inward- and Outward-Propagating Annular Array Waveforms

By creating an annular array model with a very large center radius, it is possible to
clearly separate the wave packets from the near and far sides of the array, which
correspond to the outward- and inward- propagating waves, respectively. For this FE
case, the parameters of the annular array are kept identical to the previous model, except
for the inner radius ro, which is increased from 1.5 mm to 30 mm. The results from the
simulation are compared to the analytical predictions in Figures 3.6 and 3.7. Here it can
be seen that the outward and inward wave packets are mostly separated and that the
wavenumber-domain excitation spectra correctly predicted the waveform for both. This
shows that the calculations for annular arrays contain information regarding the
combination of the inward and outward propagating waves.

w10 Prediction vs. FEM for S0 Mode (ting)
3 T

2r J
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However, our calculations regarding the separation of the excitation spectra for the
inward- and outward- propagating waves should be able to accurately predict the
individual FE waveforms as well. Such an analysis should allow us to view the inward
and outward waves separately. This analysis was performed and compared to the finite
element results, as shown below, for which the Fourier expansion was summed over 201
terms (m =-100 to m = +100).

w10 Prediction vs. FEM for S0 Mode

Inward Prediction
Outward Prediction
FEM Result

Amplitude (m)

to the sum of the predicted
inward and outward waves

1 1 1 1 1 1
1 1.05 1.1 115 1.2 1.25 1.3 1.3 1.4 1.45

i -4
Time (s) %10
w10 Prediction vs. FEM for 50 Maode
2k FEM Result

— — — Inward/Outward Sum

Amplitude ()

to the inward (blue) and
outward (green) waves

1 1.1 1.2 1.3 1.4 1.5
Tirne (=)

Note that the sum of the inward and outward waves agrees very well with the finite
element results for the SO mode. For the A0 mode, there is a general agreement, but a
small phase shift is apparent throughout the results, as was also present in the full annular
array prediction results for the A0 mode (see Figure 3.6). The source of this phase
disagreement has not been identified, but it could be due to a small error in the predicted
phase velocities of the A0 mode. Of primary importance is that the calculations of the
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separated inward- and outward-wave excitation spectra are verified and the individual

inward and outward wave pulses are accurately predicted as compared to the FE results.
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Fig. 3.10 In-plane displacement signal of the A0 mode from the FE simulation (red)

compared to the sum of the predicted inward and outward waves (dashed black).
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Fig. 3.11 In-plane displacement signal of the A0 mode from the FE simulation

(red) compared to the inward (blue) and outward (green) waves individually.
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3.1.3. Correction Factor FE Results

The correction factor, o, is the ratio between a desired wavelength and the annular or
comb array spacing required to optimally excite that wavelength without the need for
phasing. This factor is dependent on the number of elements in a comb or annular array,
as well as the inner radius for an annular array, as described in the annular array theory
section.  To verify these predictions, several finite element models were created to
simulate different annular array designs taking into account the predicted correction
factors. Each array was tested for its ability to excite the A0 mode in a Imm aluminum
plate at 300 kHz, for which the wavelength is 5.167 mm. The first annular array was a 4-
element array with inner radius 0.5s, while the second array also had 4 elements, but had
an inner radius or 0.7s. The specifications for these arrays with and without taking the
correction factor into consideration are given in Table 3.1.

Annular Array Transducer Dimensions for Correction Factor FE

[Inner Radius 0.5s] [Inner Radius 0.75]
no correction factor a=0.9526 no correction factor a=0.8939
s =5.167 mm s =4.922 mm s =5.167 mm S =4.6188 mm
w = 2.5835 mm w = 2.461 mm w = 2.5835 mm w = 2.3094 mm
o = 2.5835 mm ro = 2.461 mm o = 3.6169 mm o =3.233 mm
A = 754.99 mm® A = 685.0 mm’ A = 822.0 mm’ A = 656.8 mm’

Table 3.1 Dimensions for corrected and uncorrected annular arrays with inner radii
0.5s and 0.7s used for correction factor FE verification.

The models were run and the out-of-plane displacement was recorded at a distance 50 cm
from the center of the array. The A0 mode was extracted from the signals for the
corrected and uncorrected array designs, and they were plotted and compared, as shown
in Figures 3.12 and 3.13. To compensate for the unequal size of the arrays (due to
different geometries), the pressure load applied to the transducer in the model was scaled
to yield equivalent excitation for both corrected and uncorrected arrays. The results show
that the arrays with the correction factor taken into account produce “cleaner” and higher
amplitude wave packets. To estimate the total energy in each wave packet, the sum of
the squares of the amplitude were taken for each time-domain signal. This resulted in an
estimated increase in energy of 25.7% for the 0.5s inner radius array and an increase in
energy of 12.8% for the 0.7s inner radius array when the spacing correction factor was
taken into account during transducer design.
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Perhaps a better method to analyze the energy existing at the mode and frequency of
interest (A0 mode at 300 kHz in this case) is to compare the power-spectral density time-
frequency plots of the excited guided waves. The time-frequency PSD can be generated
with a short-time FFT transform method. The time-frequency plots for ro= 0.5s and ry =
0.7s are shown in Figures 3.14 and 3.15. It can be seen that the annular arrays without
the correction factor are not exciting the A0 mode at 300 kHz. In fact, they are exciting
the AO mode in a weaker manner than the corrected array, and at a different frequency
than was desired. This is due to the fact that the primary wavelengths being excited by
the uncorrected arrays are not equal to the wavelength of the A0 mode at 300 kHz, but
they are equal to the wavelength of the A0 mode at higher or lower frequencies. Thus not
only are we receiving less total energy in the A0 mode, as shown in the time-domain
plots in Figures 3.12 and 3.13, but much of the energy is not even in the mode and
frequency that we desired. To analyze the total energy at the mode and frequency, we
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can take a cross-section of the time-frequency PSD plots at 300 kHz. Doing so generates
the time-PSD plots shown in Figures 3.16 and 3.17.
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Fig. 3.14 Time-frequency power-spectral density plot of the corrected (top) and
uncorrected (bottom) arrays, ro=0.5s
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Fig. 3.15 Time-frequency power-spectral density plot of the corrected (top) and

uncorrected (bottom) arrays, ro=0.7s
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Here we can see that the corrected arrays are putting much more energy into the desired
mode and frequency. Integrating under these curves yields the total energy excited.
Through this analysis, we see that the arrays which were designed with the correction
factor in mind actually produce 45.2% and 38.7% more energy in the desired mode and
frequency than the uncorrected arrays with inner radii of 0.5s and 0.7s respectively. In
addition to the increased energy with the corrected array, we can also see that the wave
packets are much cleaner in both the time and frequency domains.
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3.1.4. Mode Selection Based on Excitation Spectrum Analysis Mode
Excitability

The previous sections have verified the calculations to predict guided wave mode
excitation in a plate with a phased annular array transducer. To show that the mode
selection predictions for phased annular arrays (including considerations of mode
excitability) are accurate, two modes at a single frequency were chosen to verify the
effect of phasing on mode selection. To simplify the finite element simulation and
analysis, a frequency below the first cutoff was chosen, 1.139 MHz. Based on the
phasing map shown in Figure 3.18, it can be seen that the AO mode has very little energy
for a 0° phase delay and much more energy for a 135° phase delay. A FE simulation was
conducted to verify the mode selection capabilities of the specified annular array (see
Table Il below) on a 1-mm Al plate. The time-domain waveforms were extracted at a
distance 0.5 m away from the center of the array; these are given in Figures 3.19 and
3.20.

Mode 1

Phase Delay (deg)

100

1.2 ) 1.25 1.3 1.35 1.4 1.45 1.5
Frequency (MHz)

Fig. 3.18 Contour map in the region of excitation used for the FE simulation to test time
delay parameters for mode control of the A0 (mode 1) and SO modes in a 1-mm Al plate.
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Annular Array Transducer Dimensions
N=8
rh=2.5mm
w =2.5mm
s =5.0 mm

Table 3.11 Annular array dimensions
used for mode excitation calculations.
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Fig. 3.19 In-plane surface displacements measured for the A0 and SO modes in a 1-mm Al

plate. The excitation source was an annular arra

y with dimensions given in Table Il. Phase
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Fig. 3.20 Out-of-plane surface displacements measured for the A0 and SO modes in a 1-mm
Al plate. The excitation source was an annular array with dimensions given in Table II.
Phase delays of 0° and 135° were used to selectively excite the SO and A0 modes,

respectively.
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It is clear from the waveform plots that the predicted mode was preferentially excited
with the selected phase delays. Note that these are simply the surface displacements and
do not relate directly to the mode energies used to select these phase delays. The mode
energy plot for the selected mode is shown in Figure 3.18. To directly compare the
excited energy in each mode, we can analyze the power spectral density time-frequency
functions, as was done for the correction factor FE analysis. In doing this, we obtain the
PSD cross-sections shown in Figures 3.21 and 3.22. The predicted and measured relative
mode energies are given in Table 3.111.

Percent Mode Energies from Mode Excitation FE Analysis

Predicted In-Plane Out-of-Plane
Measured Measured
0° phase A0 0.87 % 3.03 % 24.65 %
delay S0 99.13 % 96.97 % 75.35 %
135° phase | A0 95.91 % 91.01 % 98.73 %
delay S0 4.09 % 8.99 % 1.27 %

Table 3.111 Predicted and measured mode energy for the A0 and SO modes for two phase delays

at 1.139 MHz.
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Here we can see that the results agree well with the predictions, with the exception of the
out-of-plane displacement measurement of A0 mode at 0° phase delay. However, we
must take into account the fact that these mode energy predictions are with respect to the
energy distributed through the entire thickness of the waveguide, while our measurements
in this FE model are only of the surface displacements. Thus the through-thickness
distribution of power for each mode also comes into play. Perhaps a better way to
compare predictions and results is to consider only the in-plane and out-of-plane power
flow at the surface for each mode, frequency, and time delay. Following this approach,
the results are shown in Table 3.1V below. These values do match slightly better than the
general predicted mode energy values in Table 3.111 above.

Percent Mode Energies from Mode Excitation FE Analysis
] Predicted Out-
Predicted In- In-Plane of-Plane Out-of-Plane
Plane Surface
Measured Surface Power Measured
Power Flow
Flow
0° A0 1.29 % 3.03% 11.46 % 24.65 %

phase
delay | SO 98.71 % 96.97 % 88.54 % 75.35%
135° | AO 97.22 % 91.01 % 99.71 % 98.73 %
phase
delay | SO 1.27 % 8.99 % 0.29 % 1.27 %

Table 3.1V Predicted and measured surface power flow values for the A0 and SO modes for two
phase delays at 1.139 MHz.
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Fig. 3.21 Mode PSD as a function of time generated from in-plane surface displacements measured
for the A0 and SO modes in a 1-mm Al plate.

% 1D'34Out-nf-l:'|ane Displacement for A0 and 30 Modes, dph = Odeg
3 -

— Al
=0

| ¥

0
100 150 200 250 300 350 400 450 a00
time {us)
w 107 0ut-of-Plane Displacement for AD and S0 Modes, dph = 135deg

Out-of-Plane Displacernent

— Al
=0

Cut-of-Plane Displacernent

D 1 L 1 1 1 1 1
100 180 200 250 300 350 400 450 500

time {us)

Fig. 3.22 Mode PSD as a function of time generated from out-of-plane surface displacements
measured for the A0 and SO modes in a 1-mm Al plate.
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3.2 Plate Vibrations Introduced by Guided Waves

The free vibration of a 2D plate was analyzed using ABAQUS. As in Figure 3.23, the
model was based on a plane strain aluminum plate with clamped ends. The length was
0.2m and the thickness was 0.01m. The natural frequencies between 50kHz to 150kHz
were extracted and listed in Table 3.V.

A

-

Clamped end

Clamped end

Figure 3.23. Model setup for free vibration in ABAQUS
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No. natural frequency (Hz) sym/antisym
1 54355.3 S
2 54973.3 A
3 62296.9 A
4 67783.8 S
5 69750.9 A
6 77309.5 A
7 81096.1 S
8 84951.5 A
9 92659.3 A

10 94258.8 S

11 100419 A

12 107232 S

13 108217 A

14 116045 A

15 119969 S

16 123893 A

17 131755 A

18 132411 S

19 139621 A

20 144490 S

21 147483 A

Table 3.V. Natural frequencies of 2D plate in the range 50kHz to 150kHz.

Two typical modes associated with the natural modes are symmetric mode and
antisymmetric mode. Symmetric modes are the modes with symmetric in-plane
displacements but antisymmetric out-of-plane displacements. They are also viewed as
compressional modes as shown in Figure 3.24a. In contrast, antisymmetric modes, which
are also known as flexure modes, have antisymmetric in-plane displacement but
symmetric out-of-plane displacement. An example of antisymmetric modes can be found

in Figure 3.24b.
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008 cc210db Abaqus/Standard 610:2 Fr Mar 30 0112215 EDT 2012
X Step:step-L
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11Freq= 54973, (cyclestime)

(a) Symmetric mode (b) Antisymmétric mode
Figure 3.24. Displacement fields of natural modes: (a) symmetric (compressional) mode
at 54355.3Hz; (b)antisymmetric (flexure) mode at 54973.3Hz.

Models concerning 2D plate vibration under guided wave loadings were then performed.
The geometry of the model can be referred to Figure 3.25. It was a plain strain model
with the dimension of 0.2m by 0.01m. The material is aluminum and material damping is
modeled as Rayleigh damping with o being set to 0 and B equating to 7.96E-009. In order
to study the effect of guided wave loadings to structural vibration, the guided wave inputs
were added on the left end of the plate. Clamped boundary condition was also created at
the right end of the plate. ABAQUS STANDARD software package was adopted to
simulate the forced vibration response under guided wave excitation. The loading
frequency was tuned in order to record the structural response within an interested
loading frequency range. For more precise study of the responses, two receiving points
were selected in the middle of the top and bottom surfaces. The displacement values of
the two points were recorded in addition to the full displacement field of the plate.

Guided wave loading Receiving point 1

Recding point 2 Clampl end

Figure 3.25. Model setup of forced vibration in ABAQUS
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The guided wave loadings were introduced by setting the nodal displacements in the
loading region. To impinging a guided wave mode into the plate, the distribution of nodal
displacements in the left end should follow the wave structure of the typical guided wave
mode. In this numerical experiment, AO and SO were selected as two guided wave
loading cases. The frequency range in this analysis was from 50k to 150k. In such low
frequency range, the wave structures of A0 and SO will not vary too much. Figure 3.26
gives the wave structures of the two modes at 100kHz as well as the details of loading
areas.

x10° Al displacement field

Thickness(m)

in-plane displacement
out-of-plane displacement

. L . L . L . L .
025 02 015 01 005 o 005 01 015 02 025
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(al) Displacement field of AO mode at 100kHz (a2) A0 mode loaded on the plate

x10° S0 displacement field

|

in-plane displacement
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1
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1
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i}

. . . . L L L . 1
025 02 015 01 005 1) 005 01 015 02 025
Displacements

(b1) Displacement field of SO mode at 100kHz (b2) SO mode loaded on the plate
Figure 3.26. Guided wave structures of A0 and SO and their loading on the plate.

The structural responses under AO loading were obtained from 50kHz to 150kHz with
100Hz increments. The in-plane displacements of the two receiving points, which are the
middle points on the top and bottom surfaces as illustrated in Figure 3.25, are plotted in
Figure 3.27. All the displacement values were recorded from the operational deflection
shape, which has the same phase as the guided wave loading. Figure 6 depicts the out-of-
plane displacements of the two points. Figures 3.27 and Figure 3.28 demonstrate clearly
that the in-plane displacements of the two receiving locations are opposite, while out-of-
plane displacements in the responses are identical. More specific presentation is shown in
Figure 3.29. Note the y axis of Figure 3.29 (a) and (b) has the order of -9, this implies
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that the summation of in-plane displacements and the subtraction of out-of-plane
displacement are trivial.

in-plane displacement of the node in the top surface
DDd T T T T T T T T T

L 1 o

-0.02

Amplitude

o
-ﬁ
-ﬁ

_004 1 1 1 1 1 1 1 1 1
05 068 07 08 09 1 1.1 1.2 1.3 14 1.5

Frequency (Hz) « 10°

in-plane displacement of the node in the bottom surface
004 T T T T T T T T T

D.Dz- L r | i A

_004 1 1 1 1 1 1 1 1 1
05 068 07 08 09 1 1.1 1.2 1.3 14 1.5

Frequency (Hz) w 10°

Amplitude

-0.02

Figure 3.27. In-plane displacements of the nodes in the top surface (top figure) and
bottom surface (bottom figure).
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Figure 3.28. Out-of-plane displacements of the nodes in the top surface (top figure) and
bottom surface (bottom figure).
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Figure 3.29. Identification of antisymmetric mode: (a) the summation of in-plane
displacements of top and bottom nodes is very close to zero; (b) the subtraction of out-of-
plane displacements almost equals to zero.
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A0 guided wave loading can successfully excite the antisymmetric vibration modes and
suppress the symmetric modes. The peaks of the displacement responses correspond to
the natural frequencies that can be generated by AO loadings (see Figure 3.30). Table
3.VI gives a summary of the peak frequencies and natural frequencies of the 2D plate.

displacement of the node in the top surface
DD4 T T T T T T T T

0.02 =

Tam'e 7
[ ] |
QO
=
=
= -002f .
£
T
-0.04 - .
-0.06 - Uz | A
U1
_DDS 1 1 1 1 1 1 | | 1
05 06 07 08 08 1 1.1 1.2 1.3 14 15
Frequency {Hz) i

Figure 3.30. In-plane and out-of-plane displacement of the node in the top surface. Peaks
give the natural frequencies of antisymmetric modes.
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natural frequency(Hz) sym/antisym A0 loading_u2 peaks | AO loading_ul peaks
54355.3 S
54973.3
62296.9
67783.8
69750.9
77309.5
81096.1
84951.5
92659.3
94258.8
100419
107232
108217
116045
119969
123893
131755
132411

5.50E+04

6.23E+04

6.98E+04

7.73E+04

8.50E+04

9.27E+04

1.00E+05

1.08E+05

1.16E+05

1.12E+05

131800

139621 1.40E+05

v > v | > > v > > un > un (> >0 > > 0> >

144490

147483 A 1.48E+05

Table 3.VI. Antisymmetric vibration modes generated by the AO loadings.

Operational deflection shapes of AO input around natural frequency 54973.3Hz are
illustrated in Figures 3.31 and 3.32, which plot the in-plane displacements and out-of-
plane displacements respectively. It is obvious that when the loading frequency hit a
natural frequency, the plate vibrates more intensively.
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(a) In-plane displacement field under AO loading at 54900Hz
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(c) In-plane displacement field under AO loading at 55100Hz

Figure 3.31. In-plane displacement under AO input at (a) 54900Hz; (b) 55000Hz; (c)
55100Hz.
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(a) Out-of-plane displacement field under AO loading at 54900Hz
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(b) Out-of-plane displacement field under AO loading at 55000Hz
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(c) Out-of-plane displacement field under AO loading at 55100Hz

Figure 3.32. Out-of-plane displacement under AO input at (a) 54900Hz; (b) 55000Hz; (c)
55100Hz.
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The scenarios of SO loading were also studied. The in-plane displacement and out-of-
plane displacement of the node in the top and bottom surfaces are given in Figures 3.33
and Figure 3.34, respectively. The symmetry of in-plane displacement and the
antisymmetry of the out-of-plane displacement fully demonstrates that the generated
ODS are symmetry. Unlike the AQ case, the natural frequencies here are obtained at the
points where the phase shifts. A comparison of phase shifting frequencies and the natural
frequencies of the 2D plate can be referred to Table 3.VII.

in-plane displacement of the node in the top surface
004 T T T T T T T T T

0.02 .

o—— _

Amplitude

0.02F .
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in-plane displacement of the node in the bottom surface
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Figure 3.33. In-plane displacements of the nodes in the top surface (top figure) and
bottom surface (bottom figure).

94



out-of-plane displacement of the node in the top surface

0.01 1 T T 1 T T

0.005

Armplitude
o
JI

-0.005

_UD’] 1 1 1 1 1 1
o5 06 07 08 08 1 1.1

Frequency {(Hz)

1.2 1.3 14 1.5

x10°

out-of-plane displacement of the node in the bottom surface

0.01 1 T T 1 T T

0.005

oL/

-0.005

Armplitude

_DD'] 1 1 1 1 1 1
05 06 07 08 08 1 1.1

Frequency {Hz)

Figure 3.34. In-plane displacements of the nodes in
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natural frequency

sym/antisym

SO loading_u1 shifts

SO loading_uz2 shifts

54355.3

S

5.44E+04

54973.3

62296.9

67783.8

6.78E+04

69750.9

77309.5

81096.1

8.11E+04

84951.5

92659.3

94258.8

9.43E+04

100419

107232

1.07E+05

108217

116045

119969

1.20E+05

123893

131755

132411

1.33E+05

139621

144490

1.45E+05

147483

> w»n (> un|> > un (> |> v > v > > 0> >0 > >

Table 3.VII. Symmetric vibration modes generated by the SO loadings.

Operational deflection shapes of SO input around the natural frequency of 67783.8Hz are
illustrated in Figures 3.35 and 3.36, which plot the in-plane displacements and out-of-
plane displacements respectively. It is not hard to notice that when the loading frequency
hits a natural frequency, the plate vibrates more intensively.
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Figure 3.35. In-plane displacement under SO input at (a) 67700Hz; (b) 678000Hz; (c)
67900Hz.
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Figure 3.36. Out-of-plane displacement under SO input at (a) 67700Hz; (b)
678000Hz; (c) 67900Hz.
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A summary of the ODS modes generated through A0 and SO guided wave loading is
presented in Table 3.VIII. By optimally generate guided wave modes, the structural
vibration, hence the stress and displacement fields can be controlled.

natural frequency sym/antisym A0 loading SO loading
54355.3 S 5.44E+04
54973.3 A 5.50E+04
62296.9 A 6.23E+04
67783.8 S 6.78E+04
69750.9 A 6.98E+04
77309.5 A 7.73E+04
81096.1 S 8.11E+04
84951.5 A 8.50E+04
92659.3 A 9.27E+04
94258.8 S 9.43E+04
100419 A 1.00E+05
107232 S 1.07E+05
108217 A 1.08E+05
116045 A 1.16E+05
119969 S 1.20E+05
123893 A 1.12E+05
131755 A 1.32E+05
132411 S 1.33E+05
139621 A 1.40E+05
144490 S 1.45E+05
147483 A 1.48E+05

Table 3.VIII. Natural frequencies can be excited by A0 and SO modes

As indicated in the previous study, the guided wave loading can successfully control the
ODSs of the structure. Symmetric guided wave modes can only generate symmetric
(compressional) vibration modes. Similarly, antisymmetric guided wave modes can only
excite antisymmtric (flexure) modes. In the frequency range inspected in this simulation,
the steady state vibration fields are only comprise the contribution of A0 mode or SO
mode. Therefore, when the loading function has the wave structures of A0 or SO mode,
the natural frequencies of antisymetric or symmetric modes can be identified respectively
from the frequency response functions. This study, in another way, demonstrates the
relation between the guided wave modes and vibration modals.

99



3.3 Defect Sensitivity Difference Due to Different Guided Wave
Loading Functions

Finite element simulations were also carried out to demonstrate the differences in defect
detection sensitivity when applying different guided wave loading functions in both
transient guided wave tests and ultrasonic vibration tests. It was shown that high
sensitivity to different types of defects can be achieved by using phased comb or annular
array transducers to selectively apply different guided wave loading functions.

3.3.1 Transient guided wave tests

The sample used for sensitivity study for transient guided wave tests was a 16 layer
quasi-isotropic plate made from AS4/8552-2 carbon epoxy prepregs. The layup sequence:
was [(0/45/90/-45)s], as illustrated in Figure 3.37. Each layer had the thickness of 0.145
mm and the material density was 1.6 g/cm®. The elastic material property is listed in
Table 3.1X.

Interface 12-13 - = 90"
m 15°
Interface 8-9 b
Interface 2-3 ‘
o x

Figure 3.37. Layup sequence of a 16 layer composite laminates

Cu 143.8582
Co 4.1803
Cis 4.1803
Cx» 10.6533
Cas 3.281
Css 10.6533
Cus 3.674
Css 4,895
Ces 4,895

Table 3.1X. Elastic modulus of AS4/8552-2 material (GPa)
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Dispersion curves for this plate can be calculated following the SAFE method just
introduced. Because of its anisotropy, the shape of the dispersion curves depends on the
direction of wave launching. Wave behaviors are quite different if sending it in different
directions. Figure 3.38 presents the dispersion curves for several wave launching
directions.

Dispersion Curve with 0 dgree wave launching direction Dispersion Curve with 45 dgree wave launching direction
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Figure 3.38. Variation of the dispersion curves with respect to the wave launching
directions. (a), (b), (c) and (d) correspond to wave launching directions 0, 45, 90 and 135
degrees, respectively.

Delamination is the most common defect in composite panels. However, they are usually
hidden in the structure and cannot be observed directly. The multiple choices of guided
wave modes with different wave structures make the detection of the locations of the
delamination possible. In order to detect delamination located at a specific ply interface,
it is desired to find an optimal wave impinging into the composite laminates by choosing
an appropriate loading frequency and guided wave mode. At the area of the delamination,
shear displacements become discontinued, while out-of-plane displacements may still
have a chance of passing this defected region by the contact of upper and lower interfaces
of the delamination. In other words, ultrasonic guided waves with significant shear
displacements at the interface where the delamination defect is located would not travel
across this region hence leading to a defect alarms.

101



In composite structures, guided waves cannot be simply separated into Lamb waves and
shear horizontal waves. In fact, those two groups of waves are coupled together when
they propagate. However, the layup sequence of this sample plate makes it close to an
isotropic plate. In this case, the guided waves can be roughly divided into semi-lamb
wave with trivial shear horizontal displacement and semi-shear horizontal wave with
dominant shear horizontal displacement. For the semi-Lamb wave, a sensitivity
parameter characterized by the significance of the in-plane displacement within the total
guided wave displacement field is defined as:

U, (z, )Ah

Z }LTJ. (2)dz

1=X.¥,Z2 0

S, = (83)

Here, Ui(i=x,y,z) are normalized particle displacements, Ah is the mesh size for

calculating displacement distributions across the plate thickness, Ux(zl) is the in-plane
displacement at the selected interface and x, y, zare the indices of the system coordinates,
where X denotes the wave propagation direction, vy refers to the wave front direction,

and z is in the plate thickness direction. The sensitivity factor of the semi-Lamb wave
for three delaminations, which is located between layers 2 and 3, layers 8 and 9, as well
as layers 12 and 13 individually, are displayed in Figures 3.39 to 3.41.

Sensitivity Factor for Interface 2-3 Defect
201 o

Frequency(MHz)

Figure 3.39. Sensitivity factors of semi-Lamb waves on a dispersion curve for detecting
delamination between layers 2 and 3. Wave launching direction is O degree. The region
circled indicates good loading function choices for delamination along interface 2-3.
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Sensitivity Factor for Interface 8-9 Defect
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Figure 3.40. Sensitivity factor of semi-Lambs wave on a dispersion curve for detecting
delaminations between layers 8 and 9. Wave launching direction is 0 degree. The region
circled indicates good loading function choices for delamination along interface 8-9.

Sensitivity Factor for Interface 12-13 Defect
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Figure 3.41. Sensitivity factor of semi-Lamb waves on a dispersion curve for detecting
delaminations between layers 12 and 13. Wave launching direction is 0 degree. The
region circled indicates good loading function choices for delamination along interface
12-13.

Dispersion curves highlighted with the red color in the above figures are the loading
regions most sensitive to a typical delamination. In other words, in order to successfully
investigate the delamination defect at a specific interface, the loading function should be
established in the red region.
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Following the same fashion, the sensitivity factor for semi-shear horizontal wave is
defined as:

(84)

h
| IUj(z)dz
1=XY,2 0

Different from equation (84), the shear horizontal displacement is used to replace the in-
plane displacement at the appropriate interface. The sensitivity factor of semi-shear
horizontal waves for the three delamination, located between layers 2 and 3, layers 8 and
9 as well as layers 12 and 13 individually, are displayed in Figures 3.42 to 3.44. The red
region on the dispersion curves denotes the effective loading functions to such
delamination.

Sensitivity Factor for Interface 2-3 Defect
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L I I
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Figure 3.42. Sensitivity factor of semi-shear horizontal waves on a dispersion curve for detecting
delaminations between layers 2 and 3. Wave launching direction is 0 degree. The region circled
indicates good loading function choices for delamination along interface 2-3.
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Figure 3.43. Sensitivity factor of semi-shear horizontal waves on a dispersion curve for detecting
delaminations between layers 8 and 9. Wave launching direction is 0 degree. The region circled
indicates good loading function choices for delamination along interface 8-9.
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Figure 3.44. Sensitivity factor of semi-shear horizontal waves on a dispersion curve for detecting
delaminations between layers 12 and 13. Wave launching direction is O degree. . The region
circled indicates good loading function choices for delamination along interface 12-13.

To verify the effectiveness of the sensitivity factor proposed in the last chapter, finite
element modeling was conducted using the commercial FEM software ABAQUS.
Explicit analysis in ABAQUS can model the wave propagation process and the
interaction with defects. The geometry of the model is shown in Figure 3.45. Transmitter
and receiver are comb type array transducers. The spacing for adjacent fingers is 4.22
mm, which corresponds with the ones used in experiments. Time delay is applied to each
finger of the transmitter when necessary, which enhances the mode selection capability of
the transducer (Yan and Rose 2009). Delamination, as seen in the middle of the plate, is
simulated in different interfaces in several models.
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Figure 3.45. Geometry of finite element model in ABAQUS.

The first loading choice is mode 5 at 500 kHz, which is marked with a cross in Figure
3.46. It is obvious that such a guided wave is sensitive to delamination located in the
interface between layers 2 and 3, and layers 12 and 13, while it is not a good candidate
for inspecting delaminations embedded between layers 8 and 9.

106
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Figure 3.46. Selected guided wave loading function: mode 5 at 500 kHz on sensitivity curves. (a)
Sensitivity curve for interface 2-3 defects; (b) Sensitivity curve for interface 8-9 defects; (c)
Sensitivity curve for interface 12-13 defects.

The wave structure of mode 5 at 500 kHz is illustrated in Figure 3.47. This is a semi-
Lamb type wave since the shear horizontal displacement Uy is very small. As can be seen,
the in-plane displacement Uy has very high value at interface 2-3 and 12-13, which
corresponds to the sensitivity factor calculation.
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Figure 3.47. Wave structure of mode 5 at 500 kHz. Displacement components vary with the plate

thickness. Red curve is the in-plane displacement (U,); blue curve is the shear horizontal
displacement (Uy); black curve is the out-of-plane displacement (U,).

Finite element models were developed for this loading function. In order to excite mode 5
at 500 kHz, a 1us time delay was applied to the comb transducer. Four cases were studied
in the simulations: baseline and delaminations inserted in three different interfaces
individually. The finite element results can refer to Figure 3.48. The Von-Misses stress
field can be visualized.
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healthy plate delamination between layer 2 and 3

delamination between layer 8 and 9 delamination between layer 12 and 13

Abaqus/Explicit 6.10-2  Fri Jul 15 D1:57:5d Eastein Daylignt Time 2011

ac
Time = 4.8D41E-DS

Figure 3.48. Finite element simulations for guided wave loading mode 5 at 500 kHz. Damage
states are labeled in each picture. Delamination regions are enclosed by a rectangular.

As indicated in the finite element result, some wave energy is trapped in the damaged
region when the delamination was embedded between layers 2 and 3 or layers 12 and 13.
Moreover, under those two delamination cases, mode conversion occurs, which can be
clearly observed from the wave passing through the defect region. However, when
delamination is in the interface between layers 8 and 9, the wave behavior is exactly the
same as that in a healthy plate: no energy trapped inside the damaged region and no mode
conversion. Therefore, a delamination in layers 8 and 9 cannot be detected using this
guided wave mode. The finite element simulation strongly supports the guided wave
sensitivity assumption.

Another loading considered is mode 4 at 520 kHz, which is marked by a cross in the
sensitivity curves in Figure 3.49. The sensitivity curve indicates that this wave is only
sensitive to delamination located in the interface between layers 2 and 3 and layers 12
and 13.
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Figure 3.49. Selected guided wave loading function: mode 4 at 520 kHz on sensitivity curves. (a),
(b), (c) are sensitivity curves for defects in interface 2-3, interface 8-9, and interface 12-13
respectively.

The wave structure of mode 4 at 520 kHz is illustrated in Figure 3.50. With the dominant
shear horizontal displacement Uy, it is classified as a semi-shear horizontal wave. Figure
3.47 shows that Uy has a very high value at interface 2-3 and 12-13, which agrees well
with the sensitivity factor calculation in Figure 3.49.
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Figure 3.50. Wave structure of mode 4 at 520 kHz. Displacement components vary with the plate
thickness. Red curve is the in-plane displacement (U,); blue curve is the shear horizontal
displacement (U,); black curve is the out-of-plane displacement (U,).

Finite element models were developed as well. 0.1262 us time delay was added to the
transmitter to excite mode 4 at 520 kHz. Four cases were studied in the simulations:
baseline and delaminations inserted in three different interfaces individually. The finite
element results with VVon-Misses stress contour plots are shown in Figure 3.51.

111



healthy plate delamination between layer 2 and 3

delamination between layer12 and 13

adu=/Expfiil 6:10-2 Tue Jul 42 18° 28: D2 Easte:n Daylight Time 2011

e = _6.ODLDE-DS

Figure 3.51. Finite element simulations for guided wave loading mode 4 at 520 kHz. Damage
states are labeled in each picture. Delamination regions are enclosed by a rectangular.

Figure 3.51 indicates that when a delamination is presented between layers 2 and 3 or
layers 12 and 13, much wave energy is trapped in the damaged region. However, a
delamination in the interface between layers 8 and 9 has little interference with the wave
field. Thus, a delamination in layers 8 and 9 is invisible for this kind of wave mode,
which agrees with the theoretic study.

A detailed view of wave propagation process in the plate with delamination between

layers 12 and 13 is in Figure 3.52. As can be seen, some part of wave is reflected back by
the defect and therefore provides the defect information.
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Figure 3.52. Wave propagation in the plate with a delamination between layers 12 and 13. (a)
and (b) are snap shots after the wave propagates 50 us and 100 us, respectively.

The finite element simulation results clearly demonstrate that by choosing different
guided wave modes and frequencies, high defect detection sensitivity can be achieved in
transient guided wave tests for different defects.

3.3.2 Defect Detection Sensitivity in Ultrasonic Vibration Tests

Finite element simulations were also conducted to observe the defect detection sensitivity
in ultrasonic vibration tests under different guided wave loading functions. The
commercial software package ABAQUS Standard was adopted in the FEM calculation.
The geometry of the model is shown in Figure 3.53. A four-ring annular array in the
lower right corner served as the actuator. The plate studied in the simulation was a 0.15 m
by 0.15 m by 0.003 m aluminum plate. Several points were marked on the plate to record
the vibration amplitude under different guided wave loading functions. The locations of
the points selected for the vibration amplitude study are all given in Figure 3.53. As also
shown in Figure 3.53, a square shaped surface defect with a 0.008 m by 0.008 m area and
a 33% depth of the plate thickness was included in the model for the defect sensitivity
study. Vibration amplitudes were calculated in ABAQUS for different guided wave
loading functions provided by different frequency and phase delays that are applied to the
4 elements of the annular array actuator. Example vibration amplitudes for different
phased delays under a 180 kHz driving frequency are given in Figures 5.54 to 5.57.
Amplitudes measured from both the healthy plate without the defect and the plate with
the surface defect are plotted.
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int 7

Figure 3.53. Geometry of the FEM model for a defect sensitivity study for ultrasonic
vibration tests. Seven points were selected to study the vibration amplitudes under
different guided wave loading functions. The location and dimension of the defect used in
the defect sensitivity study is also marked in the figure.
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Figure 3.54. Displacement amplitude comparison of seven sensors in the healthy plate
and damaged plate when the loading frequency is 180 kHz and phase delay O degrees.
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Figure 3.55. Displacement amplitude comparison of seven sensors in the healthy plate
and damaged plate when the loading frequency is 180 kHz and phase delay 45 degrees.
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Figure 3.56. Displacement amplitude comparison of seven sensors in the healthy plate
and damaged plate when the loading frequency is 180 kHz and phase delay 90 degrees.
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Figure 3.57. Displacement amplitude comparison of seven sensors in the healthy plate
and damaged plate when the loading frequency is 180 kHz and phase delay 135 degrees.

From Figures 3.54 to Figure 3.57, it can observed that, after the defect was introduced,
the 45 degrees and the 135 degrees phase delays yield more significant amplitude
variations than the 0 degrees and the 90 degrees phase delays do. More quantitatively, the
relative changes of the amplitudes for each sensor in each phase delay scenario are listed
in Table 3.X.
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The last row of Table 3.X shows that the total changing ratio of 45 degrees and 135
degrees were higher than 0 degrees and 90 degrees, so they were more sensitive to this

defect.

The amplitude difference ratios of each sensor under each phase delay loading are plotted
in Figure 3.58. Also shown is that the 45 degrees and 90 degrees phase delay at 180 kHz
has a strong ability to detect this defect. Especially when the sensor location are close to
the defect, which are sensor 2 and 3 in this model, these sensors are more likely to set a

defect alarm.

Table -3.X. Displacement amplitude changing ratio after introducing the defect.

Displacement amplitude changing ratio after introducing the defect

0 degrees 45 degrees 90 degrees 135degrees

sensor 1 0.004447875 0.072216563 0.3652262 0.268181185
sensor 2 0.299842791 0.452441077 0.18844905 1.326151915
sensor 3 0.061044051 1.060629288 0.24816654 0.555879326
sensor 4 0.001226183 0.402192608 0.13450815 0.092596793
sensor 5 0.050337354 0.096638765 0.11450048 0.021777744
sensor 6 0.04147545 0.225973426 0.14562303 0.298123094
sensor 7 0.09960291 0.01157649 0.1531298 0.12471986
sum of all sensors 0.557976615 2.321668216 1.34960326 2.687429917

Displacement Amplitude Difference Ratio

1.4
2 1.2 A
g 1 / \ A
5 [ YO\
o 0.8 O degrees
£ [ /\ \
g 0.6 45 degrees
50,4 // // \ \ 90 degrees
g- 0.2 750 ——135 degrees
a Y // \

0]

2 3 4 5 6 7

Receiving Point No.

Figure 3.58. The displacement amplitude difference ratios showing high defect detection
sensitivity from 45 and 135 degree phase delays.
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4. Annular Array Design and Fabrication

Five different annular array patterns were designed. The designed annular array patterns
are shown in Figure 4.1, with r denoting the diameter of the arrays, s being the element
spacing, and N representing the number of elements. Among the five designs, one is for a
segmented annular array in which each element of the array is separated into 4 segments.
The segmented annular array is more suitable for UMAT applications on structures with
strong material anisotropy. It is also applicable in transient guided wave tests to gain
defect circumferential location information in defect detection. The annular arrays were
designed based on a consideration of high flexibility in guided wave mode and frequency
control. The center frequencies of the annular arrays will all be around 400 kHz, except
for the largest array, whose center frequency will be at 200 kHz.

r=42 mm
s=5.25 mm
N=4

r=15mm

s=1.875 mm

N=4

©

ri '-:103].}1%“ r=30 mm r= 30 mm
':'\___ 4 - mm w = 1.875 mm s=2375 mm
T N=8§ N=4

14 segmented

Figure 4.1. Designs of the annular array patterns

The designed annular array patterns were applied to the piezo-composite disks acquired
from Smart Material using the photolithography technique. The finished electrodes are
shown in Figure 4.2. Two 42 mm diameter disks and two 30 mm diameter disks were
used in the fabrication. The electrode patterns applied to the two large disks are 4 equally
spaced co-axial circular rings. A pattern with 8 equally spaced co-axial rings was created
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on one small disk. The other small disk has 4 segments with each segment having 4 fan-
shaped electrodes. All individual electrode elements of the 4 disks will be wired. The
wired disks will then be packaged into a copper housing with epoxy applied to the back
of the disks as the backing material. Minor electrode material loss due to scratching
during the fabrication process can be observed in Figure 4.2. Silver conductive epoxy
will be used to repair the electrode material loss prior to wiring the electrode elements.

Figure 4.2. Piezo-composite disks with designed electrode patterns etched through
photolithography.

For ease of connecting the multi-element annular array to the output channels of the
ultrasonic vibration test system developed for this project, we prepared SMB and LEMO
connectors with multiple pins. Figure 4.3 shows a cable with two female SMB
connectors, one female 10 pin male LEMO connector, and one 10 pin female LEMO
connector. For the annular array actuators with 4 individual elements, a 5 pin male
LEMO connector can be wired to the elements with the extra pin being the shared ground
of the 4 elements. To connect the actuator to the testing system, another cable with 4
female SMB connectors at one end and a 5 pin female LEMO connector at the other end
can be made to match both the SMB connectors on the testing system and the LEMO
connector of the actuator. The connection can then be done by pushing the SMB
connectors into the 4 output channel SMB connectors and simply pushing the two LEMO
connectors together. For 8 element array actuators, at least two 5 pin LEMO connectors
may be used. Each connector can be wired to 4 elements of the actuator. If a testing
system with more output channels is used, LEMO connectors with more pins can be used.
Such a design of connectors for the actuators is expected to greatly reduce wiring
problems for UMAT testing which always involves multiple channels.
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10 pin LEMO connectors

L/
SMB connectors
Figure 4.3: SMB and LEMO connectors.

UMAT actuator fabrication was carried out at Penn State University. A finished
prototype actuator is shown in Figure 4.4. The actuator has a 42 mm diameter piezo-
composite disk with 4 individual electrode rings. The disk is housed in a copper tube with
an aluminum wear plate attached to the bottom of the tube. The ground of the piezo-
composite disk is wired to the copper housing and the aluminum wear plate. Epoxy is
filled back to the back of the piezo-composite to serve as the backing material. A 5 pin
LEMO connector is used to provide electrical connections to the 4 hot electrodes and the
ground electrode.

Figure 4.4. A prototype UMAT actuator.
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5. Ultrasonic Vibration System Design and Development

5.1 Hardware System Design and Development

In Phase | of this project, it was demonstrated that a key to success of the UMAT tests
was the selection of appropriate guided wave modes and frequencies as the ultrasonic
loading functions. Time delay annular array transducers, due to their excellent capability
of guided wave mode and frequency selections, were developed in Phase Il of this project
as the UMAT actuators to provide the desired ultrasonic loading functions. To use the
time delay annular array actuators for UMAT tests, however, a unique hardware system
is needed to excite the actuators as well as to acquire the UMAT signals for defect
detection purposes. It is required that the system is able to output multi-channel sine
wave signals. Controllable phase shifts among different output channels are also required
as the phase shifts (time delays) play an important role in the guided wave mode
selections. The frequency range of the system needs to cover a typical guided wave
application range, say 20 kHz — 1 MHz. To achieve steady state vibration stages under
the ultrasonic loading functions, it is necessary to have up to 3000 cycles of sine wave
inputs. The hardware system, therefore, should be capable of outputting sine waves with
large numbers of cycles. For the phase shifts among different output channels, it is
obvious that smaller phase shift resolution is better as the guided wave mode control can
be more accurate. As shown before, a multi-channel receiver is beneficial in a UMAT test
as different test points may be responsible for defects at different locations or different
types of defects. Relatively high sampling frequency for the receiving channels, for
example, 100 times the actuator operating frequency, is necessary for further improving
signal-to-noise ratio through signal averaging in a potential noisy environment. The on-
board memory of the receiving channels needs to be sufficient for receiving long signals
with relatively high sampling frequencies.

FBS and Penn State designed such a hardware system to meet the aforementioned system
requirements. We found out that no ready-to-use systems are available in the market to
meet all the requirements. To build a custom system, we contacted several hardware
manufacturers including U.S. Ultratek, Physical Acoustic NDT (PACNDT), and National
Instruments (NI). The most applicable system solution we obtained is from NI. We were
able to design a NI hardware system that offers 4 channel phase shift controllable sine
wave function generators and an 8 channel receiving card with the sampling frequency up
to 60 MHz and a total of 128 MB onboard memory. As comparison, the multi-channel
phase array card offered by U.S. Ultratek only outputs square waves and is also limited in
tone burst signals with small numbers of cycles. There is a power consumption issue for
the U.S. Ultratek card for outputting long signals with large numbers of cycles. There is a
function generator card offered by PACNDT that can produce long sine wave output
signals. However, there is only a single channel version of the card and no easy-to-
implement solutions for controllable phase shifts among different cards are available.

The initial system designed by FBS and Penn State using NI hardware consists of 4 NI
PXI1-5402 function generator cards, 1 NI PXI-5105, 8 channel A/D card, and a NI PXI-
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1033, 5 slots PXI Chassis with integrated MXI-Express Controller. Four slots of the PXI
Chassis will be occupied by the function generator cards. With the integrated MXI-
Express Controller, it is straightforward to apply phase shifts among different function
generator channels. The additional slot in the Chassis is for the 8 channel A/D card. The
trigger of the A/D card is offered by the MXI-Express Controller. The onboard memory
for each A/D channel is 16 MB which is sufficient for more than 0.1 second of a
receiving signal with a 10 MHz sampling frequency. The longest time duration for
receiving signals that we used in the past experiments was less than 20 ms.

The hardware system was further upgraded to include more channels. As demonstrated in
the theoretical study of guided wave excitation by annular array and comb transducers,
the capability of guided wave mode and frequency control can be greatly improved with
more transducer elements and more output channels to separately drive the transducer
elements. A NI PXle 1065 chassis with 18 slots and four new function generator cards
PX1 5412 were purchased to upgrade the hardware system with an extended number of
output channels.

ATIONAL
W
’

INSTRUMENTS

Figure 5.1. Updated system having the new PXI chassis with 8 output channels and 8
receiving channels.

Figure 5.1 shows the new chassis with 8 function generator cards, one interface card, and
one A/D card with 8 channels. Figure 5.2 shows four of the eight output signals from the
updated hardware system. The driving frequency was 500 kHz and the phase delay was
45 degrees among each adjacent channels. The correct frequency and phase delay can be
seen in the display of the oscilloscope. Since the oscilloscope only has 4 display
channels, only the signals from 3 of the 4 PXI1 5412 cards and 1 of the 4 PXI 5402 cards
are shown. Just from Figure 5.2, it is clear that the two types of function generator cards
can now work together with correct frequency and phase delays. The upgraded system
can threfore be used to drive two actuators each with 4 elements or one 8 element
actuator.
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Figure 5.2. Sample phase delayed sine signals outputted from the new chassis with 8
output channels. The oscilloscope has only 4 channels to display 4 of the output signals.
The frequency and phase delays match with what was defined in the software interface.

5.2 Software Design and Development

Besides the hardware system development, FBS also developed a custom software
package for controlling the hardware system for ultrasonic vibration data acquisition and
for processing the vibration data for damage detection. Wave mechanics calculation
software was also developed. The software was all programmed in Labview. The
Labview State Machine programming architectures were used to develop the software.
State Machine architecture is an efficient way to handle complex decision-making
algorithms in Labview. The use of State Machine makes it easy to maintain and to
upgrade the source codes.

The software interface is tab-based. In the current version, 5 tabs are included in the
interface: Setup, Transient Test, Continuous Sine, Data Analysis, and Report. The order
of the tabs was arranged to accommodate a complete UMAT test. Figure 5.3 presents the
Setup interface. Within this interface, the system operator can define the geometry of the
annular array actuator and also the structure under the UMAT inspection as a waveguide.
The driving signals for a transient guided wave test can also be defined in this interface.
Based on the actuator geometry, the waveguide, and the driving signals, the excitation
spectrum together with the dispersion curves can be calculated and displayed in this
interface. The driving signals can be adjusted based on the output to identify the optimum
setup in terms of frequency and time delay for guided wave mode selection.
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Figure 5.4 shows the interface of the Transient Test tab, in which the frequency and time
delay selected from the setup interface can be input here for transient guided wave tests.
Frequency tuning and time delay tuning options are also available at this interface. The
goal of the transient guided wave tests is to verify the time delay and frequency input for
the selection of the guided wave loading function. Multiple signal gates based on the
group velocities can be defined at the interface to capture the amplitude variations of
different guided wave modes and frequencies for different time delays. The optimal time
delay and frequency for the excitation of a certain guided wave mode can then be
analyzed from the amplitude variations.
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Figure 5.3. New UMAT software interface. The Setup tab is shown.
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Figure 5.4. The interface of the Transient Test tab in the UMAT software interface showing 4
signals collected by 4 sensors attached to a test sample..

A screen shot of the automatic UMAT frequency and time delay tuning interface
(Continuous Sine Tab) is shown in Figure 5.5. Continous sine waves were applied to
drive an annular array. The vibration signals were received by 4 disc sensors distributed
in the test structure. After an automatic frequency and phase delay tuning is finished, the
frequency and phase slides in the interface can be used to select the test data associated
with a specific frequency and phase delay combination. The test data are displayed in
waveforms and also with bar presentations of amplitudes and phase angles. All the test
data for the whole tuning process can be saved into ASCII files for post-processing.
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Figure 5.5. Screen shot of the software interface for automatic frequency and delay tuning,
UMAT mode.

Figure 5.6 shows the interface of the software for a loading function study (Data Analysis
Tab). The two color maps shown in the interface are plotted based on the ultrasonic
vibration amplitudes obtained at two different UMAT tests. The vibration amplitudes are
plotted with respect to different frequencies and phase delays on the annular array
elements. Different combinations of frequencies and phase delays correspond to different
loading functions. After the ‘Process’ button shown to the center of the interface in
Figure 5.6 is pressed, a number of loading functions that provide the most changes from
the UMAT test 1 (left color map) to the UMAT test 2 (right color map) will be identified.
The associated vibration amplitude change ratios will then be plotted to the lower-right
graph within the interface. The ‘No of Max Value’ input on the interface can be changed
to select how many good loading function choices to display. The drop off box below that
input can be used to select among the displayed loading functions. After a loading
function is selected, the frequency and phase delay of the loading function are displayed.
The corresponding amplitude change ratios introduced by that loading function are also
highlighted in red. Same options are availabe in the updated software to study the loading
functions with poor sensitivity. The loading function study is essential for our UMAT
concept, as different loading functions can be identified for the detection of different
damage types.
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Figure 5.6. Updated software interface for loading function study.

Wave mechanics based vibration loading function selections provide us with a key
innovation of the UMAT approach. FBS and Penn State have developed various
computer programs for wave mechanics studies of guided waves in multilayer anisotropic
composite plate structures. Most of the computer programs are written in Matlab. Matlab
is a powerful research tool. However, it is not suitable for industrial field applications and
product developments. In contrast, LabVIEW is a widely accepted programming
language for industrial applications. The extremely strong hardware control capability of
LabVIEW is greatly suitable for product development. In this project, MATLAB codes
for obtaining dispersion curves for multilayer anisotropic composite plate structures via a
Semi-Analytical Finite Element (SAFE) method were converted into LabVIEW. A user-
interface was designed for defining the structure for which the dispersion curves were
being generated. The user-interface allows the user to first select the number of layers in
the plate structure, and then define the properties of the material layer-by-layer. The
material parameters include the layer material, layer thickness, and layer lay-up angle.

The layer material control allows the user to simply select from a library of existing
materials or to define a new material. Selecting an existing material from the material
library will gather the appropriate material parameters for the given layer (namely the
stiffness matrix and density). Defining a new material will access a pop-up window that
will guide the user through the process of entering the parameters for the new material.
This process is outlined in Figure 5.7. As shown in this figure, the user can select from
different varieties of material inputs depending on the material parameters available.
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Figure 5.7: Entering new materials in software.
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After the material layers and their properties have been defined, the software displays a
cross-sectional representation of the plate structure for which the dispersion curves will
be generated, shown in Figure 5.8.

Material 1 {angle = 0 degrees) {1=0.20}

Material t {angle = 45 degrees) (1=0.20})
Material t {angle = 30 degrees} {1=0.20}
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Material t {angle = 30 degrees) {1=0.20}
Material t {angle = 45 degrees) (1=0.20})

r.l:nerial

fangle = 0 degrees) {1=0.20])

Figure 5.8: Software representation of plate structure generated from user-input.

At this point, the material and structure have been completely defined. The user can
select the control to generate the dispersion curves for the structure. The SAFE software
routine will execute; assembling the appropriate matrices, finding eigenvalues and
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eigenvectors, and plotting the eigenvalues that produce the phase velocity dispersion
curves. The group velocity dispersion curves are calculated simultaneously.

The user-interface was designed for the convenience of the user with regard to generating
and viewing dispersion curves and related information. The process of defining the
structure and generating its dispersion curves is as follows:
1. Create a new project and input a project name.
2. Add a structure and input the structure name.

3. Define the material parameters and confirm the structure from the picture.

4. Press the control for generating dispersion curves.
Shown below are screenshots of the software that demonstrate its ease-of-use.
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Figure 5.9: Interface for specifying material parameters and viewing

Figure 5.9 shows the interface that is used for defining the structure for which the
dispersion curves will be generated. As shown, only a few user-defined parameters must
be specified in order to generate the dispersion curves.
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Figure 5.10: Interface for viewing the dispersion curves.

Figure 5.10 shows the interface for viewing the dispersion curves. Note that the
dispersion curves shown in this figure have been traced using the orthogonality-based
mode-sorting algorithm. The user may use the control buttons located at the top left of the
window for switching between a view of the phase/group velocity dispersion curves and
the wave structures. The user may also simply select the window they would like to view
from the Project Overview tree control located at the left-hand side of the screen. For
example, selecting “Dispersion Curves” will display the group/phase velocity dispersion
curves window, while selecting “Wave Structure” will display the phase velocity/wave
structure window.
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Figure 5.11: Interface for viewing wave structures.

Figure 5.11 shows the interface for viewing wave structures. The wave structure (X, Y,
and z displacements) for any mode-frequency combination may be viewed by simply
moving the black cursor on the phase velocity dispersion curves graph to the point for
which the user would like to view the wave structure. The three displacement
components are depicted by the three colored plots.

The saving and loading routines automatically save all input parameters and generated
data to a pre-defined path on the computer. Project data can be recalled, modified, and
augmented by choosing to open an existing project when starting the software (as
opposed to creating a new project).

With the wave mechanics study subroutines, users of the UMAT system can self define
optimal loading functions based on wave mechanics studies. Automatic loading function
selections can also be conducted based on the knowledge of the test sample. This is
particularly useful for test objectives with simple plate-like geometries. For test samples
with complex geometry, especially samples with different materials and thicknesses for
different regions, a training process through frequency and phase delay tuning can be
carried out to identify the good loading functions for different defects.

6. Composite Test Sample Fabrication and Acquisition

To carry out experimental demonstration of the UMAT technology developed in this
project a number of composite test samples were fabricated or acquired.

A batch of composite panels was fabricated using facilities available at Penn State.

Hexcel AS4/8552 unidirectional carbon/epoxy prepregs were used in the fabrication as
raw materials. The prepregs were cut in pieces with different fiber orientations and
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stacked together following different stacking sequences. The stacked prepregs then went
into a vacuum bagged autoclave process to have the epoxy cured.

In total, 7 panels were fabricated including one 23” by 23 16 layer large cross-ply plate,
two 12” by 12” 16 layer small cross-ply plates, two 12”by 12” 16 layer quasi-isotropic
plate, and two 12” by 12” quasi-isotropic plates with center bonded doublers. The bonded
doublers are of a 2” by 12” dimension. Delamination defects simulated using thin Teflon
tapes were inserted into the large cross-ply plate, one small cross-ply plate, and a bonding
specimen.

FBS also purchased composite parts including composite spoilers used for cars and
composite propellers designed for air-boats. Figure 6.1 shows two composite spoiler
samples, each with 8 sensors attached for UMAT tests. The composite spoiler samples
are with a 3-D shape of side wings. The samples are made of carbon fiber reinforced
materials and therefore are inhomogenous and anisotropic structures.

Figure 6.1. Two composite test samples with 8 sensors attached to each saple.

Figure 6.2 shows a picture of one carbon composite propeller. The composite propeller
was purchased at the www.warpdriveprops.com website.

Figure 6.2. A composite propeller purchased by FBS as a UMAT test sample.
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FBS also contacted Kail Neiman and Bill Heaner from Hill AFB for getting some Air
Force materials. With the project manager Dr. David Stargel’s help, Hill AFB agreed to
send FBS some retired composite parts from an F-16 fighter jet. A package from Hill
AFB arrived at FBS on July 22, 2011. The package includes five pieces of composite
panels cut from a scrap piece from an F-16 and a never in service composite panel with
an existing delamination defect. A picture of the scrap piece from the F-16 is presented in
Figure 6.3. The picture was provided by Karl Nieman at Hill AFB. Figure 6.4 shows the
panels included in the package from Hill AFB. A picture of the never in service
composite panel and a side view of the panel showing the delamination defect located at
a corner of the panel are given in Figure 6.5.

Figure 6.3. A pictu ofthesrapF-16 composite part before being cut. Five of the cut
pieces were sent to FBS as test samples for demonstrating UMAT applications on
realistic composite aircraft structures.
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Figure 6.5. An Air Force composite panel with a delamination defect located at one
corner of the panel.

Although not clearly shown in the pictures, all Air Force panels have ply drops
throughout the body which yield thickness variations from one boundary to the other. The
thicknesses of the composite panels range from 0.066” to 0.32”. Guided wave inspection
of structures with changing thicknesses is sometimes challenging due to the fact that
mode conversions may occur when guided waves travel from one thickness to another.
There are holes in some test samples which may introduce a further challenge to transient
guided wave tests.

7. Transient Guided Wave Experiments

Transient guided wave tests were carried out to demonstrate that sensitivity to different
defects can be achieved by applying different guided wave modes and frequencies. Phase
delay comb type transducers were used in the experiments to prove that phased comb
type transducers are an effective means of providing different guided wave loading
functions.
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In Section 3.3 of this project, we showed that different guided wave mode and frequency
combinations provide high sensitivity to delamination defects located at different
interfaces of a composite plate. To verify the sensitivity study, we conducted transient
guided wave scans of the composite plate with 3 embedded delamination defects, by
using different mode and frequency combinations selected by two time delay comb
transducers. Based on the bulk wave C-scan result of the plate, the locations of three
delaminations are marked with crosses in Figure 7.1. The delamination defects were
simulated by embedding Telfon tapes in the interfaces of composite prepreg layers.
Delamination defect 1 shown in Figure 7.1 was embedded to the interface 2-3.
Delamination 2 was inserted between the layers 8 and 9, and delamination 3 was between
the layer 12 and 13.

g delamination 1

I:l delamination 2

I:l delamination 3

Figure 7.1. A picture of the test composite plate with the delamination locations marked.

Two comb transducers were used to detect the defects. Figure 7.2 shows the experimental
setup. The pitch of the comb transducer was 0.332 inch.

Figure 7.2. Experimental setup for the transient short distance guided wave scan
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Based on a sensitivity study of the delamination defect, as given in Section 3.3, two wave
modes were selected in the test. One was mode 8 at 1.03MHz, and the other was mode 5
at 700 kHz. To select the first mode and frequency combination, a time delay of 91.5 us
was applied to any adjacent comb elements. As shown in Figure 6, the two comb
transducers were placed face-to-face at the 0° direction. For the transient guided wave
scan, the two transducers were moved step by step together at the 90° direction. Through-
transmission signals were taken for each of the steps. For all signals, the wave vector
direction was 0°. The magnitudes of the signals were plotted together into a signal
magnitude map with the x coordinate of the map being time sampling points of the
signals, the y coordinate being the scanning steps, and the color intensity representing the
magnitudes.

Figure 7.3 shows the signal magnitude map obtained using the mode 5 at 700 kHz. It is
demonstrated that the signal magnitudes dropped when the wave propagation pass across
a defect. As a result, the blue low intensity color regions along the scan direction
predicted the locations of the delamination defects. As discussed previously, mode 5 at
the frequency range from 500 kHz to 800 kHz is sensitive to the delamination defects 1
and 3, but not defect 2 in the center of the plate. In Figure 7.3, we can see clear
magnitude drops of the through transmission guided wave signals at the locations of the
delamination defects 1 and 3. For the delamination defect 2, however, the magnitude of
the guided wave signal did not change as significantly as for the other two defects. This
validated that the selected mode 5 at 700 kHz were sensitive to the defects 1 and 3, but
not sensitive to the defect 2.

<4 =-=-delamination 1

==delamination 2

<4 ==delamination 3

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Figure 7.3 Guided wave scan image using mode 5 at 700 kHz showing good sensitivity to
delamination 1 and delamination 3 but lower sensitivity to delamination 2.

The operating frequency and time delays were also adjusted to select mode 8 at 1.03
MHz for another guided wave scan. The corresponding signal magnitude map is shown in
Figure 7.4. From the magnitude map, signal amplitude deceases can be observed for all
three defects. It appeared that the decrease in amplitude was the least for the delamination
defect 3 and the most for the center delamination: defect 2. This also agrees with the
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sensitivity calculations. The differences in signal magnitude drops for the three defects
were not as large as predicted by the calculations, though, especially for delamination 2.
The sensitivity calculations showed a quite low sensitivity value of the selected mode and
frequency for delaminations located at interface 12-13. The appearance of the
delamination defect 3 in Figure 7.4 was due to the fact that the simulated delamination
defect was rather thick such that the out-of-plane displacements also play a role for the
wave propagation discontinuity at the delamination. Nevertheless, the transient guided
wave scan experiments reported here demonstrated the value of sensitivity calculations
and also the possibility of using different guided wave inputs to differentiate
delamination defects located at different interfaces inside a composite plate.

D*--delamination 1

i

< --delamination 2

D *=Zelamination 3
g’

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Figure 7.4 Guided wave scan image using mode 8 at 1.03MHz, showing good
sensitivity to all three defects. It appeared that the decrease in amplitude was the least for
the delamination defect 3 and the most for the center delamination which agreed with the
sensitivity calculation results:

Through transient guided wave scans using two time delay comb transducers, we clearly
demonstrated that different guided wave inputs can be selected using time delay comb
transducers to detect various delamination defects at different interfaces and also possibly
differentiate them from each other.

8. Ultrasonic Vibration Experiments

Ultrasonic vibration experiments have been carried out on various structures using the
system developed in this project. Some experiments were conducted to further verify the
theories of ultrasonic vibrations. Others were carried out to demonstrate the defect
detection and characterization capability of the new UMAT approach.

8.1 Plate with Symmetric/Anti-symmetric Loadings

An experiment was designed to test the theory that the initial excitation of a particular
guided wave mode into a structure can determine the final steady-state modal vibration
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characteristics that are excited into the structure. The premise of the experiment was to
utilize two PZT discs mounted directly opposite each other on an aluminum plate. The
discs could then be driven in-phase or out-of-phase with each other in order to
predominantly excite the SO and AO guided wave modes, respectively, in the plate. The
frequency response of the plate to such excitation could then be measured and compared.
Additionally, a boundary condition change and defect were introduced and the frequency
response of the structure due to each excitation was again recorded and compared to the
healthy state. Based on the ultrasonic vibrations theory, it would be expected that the two
different types of excitation would excite primarily compressional and flexural vibration
modes, respectively, in the structure. This would manifest itself as differences in the
frequency response of the structure. The effects of boundary condition changes and
damage would also show up in the frequency spectrum and the severity of their effect on
the frequency response would be dependent on the type of excitation used.

Although many different propagating guided wave modes can exist in a particular
structure at any given frequency, it is possible to preferentially excite one or more modes
over the others. The relative excitation of a mode at a particular frequency is governed
by two factors, as was discussed in the section on annular array theory and design: 1) the
wavenumber-domain excitation spectrum of the source and 2) the excitability of the
mode by the applied force of the source. Since the loading distribution of the opposing
discs is identical for both symmetric and antisymmetric activation, the factor that will
determine the relative excitation of multiple guided wave modes is the compatibility of
the force applied by the actuators with the wavestructure (in this case the velocity field)
of the guided wave modes. This compatibility is more simply referred to as the wave
mode excitability.

The derivation of guided wave excitabilities can be found in reference [4]. According to
the equations for excitability calculations, for perfectly symmetric and antisymmetric in-
plane loading, only S and A guided wave modes, respectively, would be excited in the
waveguide. For the radial mode excitation of the PZT discs, in-plane loading is a good
approximation. Note that for out-of-plane loading, the opposite case would be true, in
which symmetric excitation would generate A modes and antisymmetric excitation would
generate S modes.

8.1.1. Chirp Experiments

Besides using forced vibrations introduced by controlled guided wave inputs for defect
detection, frequency response functions (FRFs) that can be measured through chirp
guided wave inputs are considered as an alternative means of UMAT defect detection.
Experimental work has been continued to seek the connections between excitations of
resonant frequencies and guided wave chirp inputs, and also to define an appropriate FRF
analysis approach for defect detections using chirp guided wave inputs based UMAT.

Experimental Setup

Figure 8.1 shows the test sample used in our initial experiments. Two PZT disk actuators
were symmetrically attached to the two surfaces of the test sample which is a 12”x12”
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aluminum plate. The idea of using two symmetrically mounted actuators was to gain
control on the guided wave inputs. When the two actuators are driven in-phase,
symmetric guided wave modes will be generated into the test sample. To input
antisymmetric guided wave modes, out-of-phase driving signals can be used for the two
actuators. To obtain the out-of-phase driving signals, we made a voltage transformer to
reverse the phase of an alternating input voltage signal.

Fig. 8.1. Test sample and actuators for chirp guided wave vibration tests. (Left) Top view of
the plate showing that the actuator was attached close to one corner of the aluminum plate.
(Right) Side view of the plate showing the symmetry of the actuator attachments on both
surfaces of the plate.

The natural resonant frequency response of the plate was tested with a chirp excitation
signal with a frequency range of 40-80 kHz over a 1 ms duration. The response of the
plate was measured at the three marked positions with acoustic emission (AE) sensors,
and the input spectrum was measured with an AE sensor bonded directly to one of the
actuators. The response was measured after the excitation signal was complete, thus the
results pertain to the free vibration response as opposed to the forced vibration response
of the plate. These measurements were done with both symmetric and anti-symmetric
excitations, for a defect-free case, a BC-change case, and a defect case. The transfer
function, H(f), was calculated using the following approach. The time domain signals for
both the input, x(t), and output, y(t), were recorded and processed by applying the Fast-
Fourier Transform (FFT) to yield X(f) and Y(f), respectively. These were used to
calculate the auto-power spectrum, Gy(f), and cross-power spectrum, G,y(f). The
transfer function was then calculated as H(f) = G,y/Gxx. The results for the defect-free
case for each measurement position are shown in Figure 8.2.
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Fig. 8.2 Transfer function results measured from 3 different
measurement positions for the defect-free case with
symmetric excitation (left) and anti-symmetric excitation
(right), showing some resonant peaks for all measurement
positions

There are some resonant peaks that are present at each measurement position, but the
overall correlation is still questionable. This is most likely due to the measurement of the
input signal, because the AE sensor was placed directly on the PWAS transducer. An
examination of the input time-domain signal, x(t), shows that significant content is
present after the excitation was shut off. This is because the transducer reacts to the
vibrations in the plate and thus the input signal measured is corrupted by the response of
the plate. This phenomenon, in addition to interference from the out-of-phase transducer
(mounted on the opposite side of the plate), is most likely to blame for the poor
coherence and large amount of noise present in the anti-symmetric activation results (as
compared to the symmetric activation results).

Results and Analysis

The results for the case involving a change in boundary conditions (by rotating the plate
90° CW in the mounting bracket) are shown in Figure 8.3. Results for the case involving
the introduction of a simulated corrosion defect are shown in Figure 8.4. The defect was
a 0.5” x 0.5 approximately 20% CSA defect introduced with a Dremel tool. It is located
as shown in Figure 8.5. Note that the response of the plates is different for symmetric vs.
anti-symmetric excitation, even though the actuators were not being activated during the
response measurement. This shows that the excited resonances in the plate are affected
by the guided waves used to initially induce the vibration.
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Fig. 8.3 Transfer function results measured at 3 positions for the change in boundary
conditions. (Left) Transfer functions under symmetric excitations, (Right) Transfer
functions under anti-symmetric excitations, showing different changes in transfer
functions due to different excitations.
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Fig. 8.4 Transfer function results measured at 3 positions for the defect case. (Left)
Transfer functions under symmetric excitations, (Right) Transfer functions under
anti-symmetric excitations, showing different changes in transfer functions due to
different excitations.
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Fig. 8.5 Aluminum plate with simulated corrosion defect; defect size is approximately
0.5” x 0.5” and 20% cross-sectional area.

8.1.2. Forced Vibration Experiments

In addition to utilizing a chirp input to estimate the transfer function of the structure, the
National Instruments multi-channel phased array system was used to measure the forced
vibration response spectrum in a similar experiment.

Experimental Setup

In this experiment, two transducers were also mounted on opposite sides of an aluminum
plate. Four small PWAS receivers were used to measure the vibration at different points
on the plate, and the NI system was used to drive the actuators (both in- and out-of-
phase) and to record the vibration magnitude at for each receiver. Figure 8.7 shows the
test sample used in our initial experiments. Two PZT disk actuators were symmetrically
attached to the two surfaces of the test sample which is a 12” x 12” x %4”-thick aluminum
plate, as shown in Figure 8.6. The actuators were excited with a sinusoidal continuous
wave signal at frequencies from 10 kHz to 30 kHz at 10 Hz increments. At each
frequency, symmetric excitation was achieved by using in-phase actuation and anti-
symmetric excitation was achieved by using out-of-phase actuation.
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Fig. 8.6 The 12” x 12” x Y”-thick aluminum plate with oppositely mounted PZT disc
actuators and four receiver PWAS. Note that the notch defect was not introduced until
after the initial “healthy” data was collected.

Results and Comparison to FE Predictions

To extract frequency response data from this sine dwell test, the normalized maximum
vibration amplitude (over all four receiving channels) was calculated for each frequency
and for each driving condition (sym. and antisym.). The results of this test for the healthy
plate are shown in Figure 8.7. Several features of the plot are immediately apparent. The
antisymmetric excitation clearly excites a much larger number of modes over the given
frequency range. Also, for many (but not all) of the peaks, they are more dominant in
one of the two spectra.
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Fig. 8.7 Frequency response for symmetric (blue) and antisymmetric (green) actuation
of the healthy plate.

To further analyze the response spectra and how they may be connected to transient
guided waves according to our ultrasonic vibration theory, a finite element (FE)
eigenvalue analysis was performed on a model of the aluminum plate specimen to
determine the resonant frequencies and mode shapes of the plate in the frequency range
of interest (10-30 kHz). The analysis resulted in a total of 163 natural modes, 39 of
which were dominantly in-plane (compressional) modes, and the remainder of which
were dominantly out-of-plane (flexural) modes. Since this frequency range is well below
the first cutoff frequency in the plate (near 300 kHz), the flexural plate modes should be
associated with the A type guided wave mode and the compressional plate modes should
be associated with the S type guided wave mode. In order to analyze this concept, the FE
resonant frequencies for the in-plane and out-of-plane modes were plotted against the
measured frequency response curves for the symmetric and antisymmetric loading,
respectively. The results are shown in Figures 8.8 and 8.9. Note that in order to
accommodate for possible variations in material properties, a frequency scaling factor of
3.25% was utilized to shift the FE results to best match the response curves. This is not
to say that this adjustment is necessarily accurate, but it does yield a relatively good
match to the data and is well within the reasonable range of material properties for 6061
aluminum.
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Fig. 8.8 Frequency response for symmetric actuation and in-plane FE resonances.
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Fig. 8.9 Frequency response for antisymmetric actuation and out-of-plane FE resonances.

Notice that in Figure 8.8, the groups of frequency response peaks as well as the
predominant single peaks match rather well with the calculated in-plane resonances from
the FE analysis. As for Figure 8.9, the far greater number of predicted flexural
resonances agrees well with the greater number of peaks in the antisymmetric response as
compared to the symmetric response. The general clusters of FE resonances matches
rather well with the clusters of peaks in the response spectrum, and the regions of little
measured frequency response match with the frequency regions in which no flexural
peaks were predicted. These regions are highlighted in Figures 8.10 and 8.11.
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Fig. 8.10 Highlighted regions of the frequency response for symmetric actuation and
in-plane FE resonances (from Fig. 8.8).
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Fig. 8.11 Highlighted regions of the frequency response for symmetric actuation and
in-plane FE resonances (from Fig. 8.9).
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Defect Results

Although the comparison between the FE resonances and the resonances excited in the
plate by symmetric and antisymmetric excitation was the primary goal of this experiment,
it was decided to test the effect of a defect on the frequency response related to each of
the two types of excitation. This was done by introducing a notch defect, as shown in
Figure 8.6.
antisymmetric loading is shown in Figures 8.12 through 8.15. The “healthy” and “notch”
spectra are superimposed over bar plots of the frequency shift and change in magnitude
of the peaks in the frequency spectra.
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Fig. 8.12 The healthy spectrum (blue line), notch damage spectrum (green line), and
shift in peak values (bars) for symmetric excitation.
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Fig. 8.13 The healthy spectrum (blue line), notch damage spectrum (green line), and
shift in peak values (bars) for antisymmetric excitation.
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Fig. 8.15 The healthy spectrum (blue line), notch damage spectrum (green line), and
shift in peak frequencies (bars) for antisymmetric excitation.

Note that for both the symmetric and antisymmetric excitation, the notch defect only had
an appreciable effect on the peak response magnitude at certain frequencies, while others
remained essentially unchanged (see Figures 8.12 and 8.13). In general, the resonant
frequencies for both excitation types decreased. It is of interest that most of the peaks (in
the symmetric and antisymmetric excitation spectra) experienced a decrease in frequency
of 10 Hz, while particular peaks experienced increases in frequency or decreases greater
than 10 Hz. The uniform 10 Hz decrease could possibly be attributed to temperature
variation between the healthy and defect states, but the clearly non-uniform variation in
the peak response magnitude and in the peak frequency shift for many of the resonances
indicates a substantive change in the system (i.e. the notch damage).
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8.1.3. Conclusions

The comparison of the measured frequency response spectra to symmetric and
antisymmetric loading with predicted FE natural resonances, in conjunction with the
guided wave excitability analysis, tends to support the ultrasonic vibration theory that
structural vibrations are due to the superposition of propagating guided wave modes in
the structure and that the compressional and flexural plate modes are associated with the
S and A type guided wave modes, respectively. The experimental results also support the
idea that the source influence of the transducer (in terms of guided wave excitability) has
some influence on the excitation of the resonant modes in the structure.

8.2 UMAT Mode Sensitivity Test

The experimental setup of an UMAT mode sensitivity test is shown in Figure 8.16. A
6.35 mm thick 305 mm by 305 mm aluminum plate was used in the experiments. A 4
element annular array transducer was used in the experiment to selectively excite 200
kHz AO and SO modes as two different ultrasonic loading functions. In the ultrasonic
vibration tests, 12 piezoelectric disk sensors were attached to 12 randomly selected
positions on the surface of the aluminum plate using instant adhesives. The annular array
actuator was also glued to the surface of the plate. In such a way, the measurement
inconsistency due to sensor/actuator coupling conditions can be greatly suppressed. To
take a baseline data, the plate was simply placed onto a flat table. Continuous sine wave
outputs from the multichannel hardware system were applied to the 4 elements of the
annular array actuator. Phase shifts among different elements that were applied to obtain
the baseline data for the two different vibration loading functions. The peak-to-peak
amplitudes of the forced vibrations under the two loading functions were recorded as the
baseline.

Fig. 8.16 Actuator/sensor setup and demonstration of boundary condition variations
used in the experiments. (Left) Boundary condition change A, (Right) Boundary
condition change B. Note that the boundary conditions for taking the damage detection
data were the same as in the baseline, i.e., no clamping boundary conditions were
applied.
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Previous to the damage detection tests, boundary condition variations were introduced to
the plate by clamping the plate to the table surface at different clamping locations. For
each boundary condition change, the forced vibration amplitudes at the 12 disk sensor
locations were collected under the two different time delay annular array loading
functions. For damage detection, a simulated corrosion area was introduced to the
aluminum plate followed by a saw cut defect. Forced vibration data were recorded after
each defect was introduced. Fig. 8.16 also demonstrates how the boundary condition
variations were introduced.

Figure 8.17 shows the relative changes of the vibration amplitude ratios for the two
different loading conditions (two different phase delays). A SO/ A0 ratio was calculated
for each sensor position under each test conditions by dividing the vibration amplitude
obtained with the phase delay for exciting the SO mode by the corresponding amplitude
obtained with the AO mode input. The results shown in Figure 8.17 are overall relative
changes of the SO /A0 ratios for the boundary condition changes and the two defects.
The results suggest that the SO / AQ ratio can be a good feature for damage detection as it
is very sensitive to the corrosion and cut defects, but minimally reacts to boundary
condition changes. The reason for that is because the two guided wave modes react
similarly to the boundary condition changes but have quite different responses to defects
due to their defect detection sensitivity differences. Phased annular array actuators make
it possible to apply different loading functions in the UMAT tests through electronically
tuning the guided wave modes and frequencies. Great flexibility in choosing loading
functions and the corresponding vibration features can therefore be achieved for different
application requirements.
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Fig. 8.17 Relative changes in the SO/ AQ vibration amplitude ratios for different test
conditions. The SO/AQ ratios were calculated by dividing the vibration amplitudes
obtained under the SO loading function by the corresponding amplitudes obtained under
the A0 loading function.
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8.3 Aluminum Panels with an Irregular Shape

Prior to UMAT experiments on composite structures, aluminum panels with an irregular
shape were used to test the system and to validate the UMAT approach. An aluminum
plate sample with an irregular shape was first used for automatic frequency and phase
delay tuning tests. As shown in Figure 8.18, an annular array actuator was spring loaded
onto the surface of the test sample which was fixed to a test table using 9 screws. The
screws were initially tightened by a torque wrench with the same torque limit. Liquid gel
coupling was used to couple the annular array to the test sample. Four channel continuous
sine waves outputted from the hardware system were used to drive the annular array
actuator with 4 elements. Four small disk sensors were attached to the surface of the test
sample as the receivers. When collecting the UMAT test data, the automatic tuning was
applied to sweep the frequency of the driving signals as well as the phase delays among
the output channels. For each frequency and phase delay combination, the high frequency
forced vibration signals were collected by the four receivers. The amplitudes and
instantaneous phases of the signals were extracted and then saved into an ASCII data file.
After one automatic tuning process was finished, the amplitudes and phases of the
vibration signals under all the loading functions were saved for all four receivers.

Two baseline data files were generated at different times for the same initial boundary
conditions, i.e., all 9 screws were tightened using a same torque level. The actuator
coupling condition was not changed when taking the two data sets. The idea was to
demonstrate the repeatability of the UMAT test. Figure 1 shows the experimental setup
for the baseline data collection. After collecting the baseline data, the actuator was lifted
up and the liquid coupling was wiped from both the actuator and the test sample. The
actuator was replaced back to the sample after we re-apply some coupling to the test
sample. Another automatic tuning process was then carried out to save another data file.
This was to test the influence of the coupling condition. Following the coupling condition
test, bolt loose conditions were introduced to the test sample by loosing the screws. One
screw was loosed at a time, following by an automatic tuning to save a data file. Notice
that, each time after one data file was saved, the loosen screw was re-fastened to the same
torque level as before being loosened. The next screw was then loosened to simulate the
loose bolt condition. In other words, there was only one loose screw for each data file
saved under the simulated loose bolt conditions. Three different bolts, labeled #2, #3, and
#4 were involved in the tests, one following the other. The second baseline data and the
actuator replacement data for the coupling condition test were compared with the first
baseline data to show the repeatability of the UMAT test and to study the influence of
coupling conditions. The actuator replacement data were then used as the new baseline to
compare with the loose bolt data. Since many loading functions were used in the tests, the
comparisons can be used to demonstrate the differences in loose bolt detection sensitivity
of different loading functions. Optimal loading functions can therefore be suggested
based on the comparisons. The test data can also be input into pattern recognition
algorithms for further analysis.
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Figure 8.18. Experimental setup

Figure 8.19 shows the example intensity maps of the UMAT vibration amplitudes plotted
from the first baseline data. The amplitudes measured by the 4 sensors were plotted in
figures (a) to (d) respectively. The x-axis of the intensity maps is the phase shifts among
the four output channels, while the y-axis is the driving frequency. As can be seen, the
tuning process started from 350 kHz to 460 kHz with a 10 kHz frequency step. For each
frequency, a sweep of phase delays was conducted from O degree to 360 degrees with a
10 degree increment. Apparently, the vibration amplitudes vary with the change of the
loading functions. Based on the intensity maps, one can tell that when using 440 kHz or
450 kHz as the driving frequency and a phase delay of O degrees (as circled in the
figures), relatively high vibration amplitudes were received by all four receivers.

151



Frequency (kHz)

440

[
=]
o

- w
= (=]
=] =]

'S
[

Frequency (kHz)
=

£

450

[
o
=
[T
=3
=]

Sensor 1 Sensor 2

s
1)
S

N
1
S

-
L]
I
2
-
[*]
(=
@
=
-2
1)
g
[’

20 100 200 300

Phase delay (degree) Phase delay (degree)
(@) Relative high amplitudes ~ (P)
Sensor 3 Sensor 4

0 100 200 300 0 160 200 360
Phase delay {degree) Phase delay (degree)

() (d)

Figure 8.19. Amplitude intensity maps based on the first baseline data. Relatively high

amplitudes for frequencies 440 kHz and 450 kHz and 0 phase delay are circled in the plots.
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Figure 8.20. Intensity maps showing the amplitude differences calculated from the data
comparisons.

The data comparison results are shown in Figure 8.20 as amplitude difference intensity
maps. The intensity maps for all four sensors were combined together. The y-axis is still
the driving frequency. The x-axis now includes the phase delays for all 4 sensors, i.e.,
phase delays from 0 to 360 degrees for sensor 1, the same phase delays for sensor 2, 3,
and 4. The intensity maps were also normalized based on the maximum amplitude
differences found in all five comparisons. In Figure 8.20(a), it is clear that the two

153



baseline data were very similar which demonstrates the repeatability of the UMAT test.
The highest intensity shown in Figure 8.20(b) is also relatively low. This suggested that
the baseline data and the data taken after replacing the actuator were fairly similar with
each other. The influence of coupling condition was thus reasonably low, especially when
comparing to the loose bolt cases.

High intensities can be observed in Figure 8.20 (c), (d), and (e). It is obvious that the
UMAT amplitudes can be used for detecting bolt loose conditions when appropriate
loading functions are applied. As for the optimal loading functions, very good indications
of the loose condition of bolt #3 can be seen from Figure 8.20 (d), as circled with a black
dashed line. More specifically, when the frequency 450 kHz and phase delay O degrees
was used, a very good sensitivity can be gained from all sensors for the detection of the
loose condition of bolt #3. The sensitivity to the looseness of the other two bolts based on
such a loading function, however, was not as good. That is due to the specific vibration
pattern introduced by the loading function. It is believed that the pattern has strong
amplitude at the bolt #3 location. The other two bolts may locate at or close to some
vibration nodal points. An alternative loading function for high sensitivity to the
conditions of all three bolts is frequency 350 kHz and phase delay at around 30 degrees.
The relative amplitude variations for the loose conditions of the three bolts that were
observed under this loading function are circled with red dashed lines in the figures. It
can be determined that with such a loading function, the data from all 4 sensors can yield
good sensitivity to the conditions of all three bolts. Such a conclusion will be further
tested with more experiment runs.

Three identical test samples were also prepared and used for loading function tuning
tests. A picture showing all three samples is given in Figure 8.21. Each sample has 9 disk
sensors attached to the surface in a 3x3 grid. During the tests, only the first 8 sensors
were used to record the vibration data due to the channel limit of the current hardware
system. The frequency tuning for each test had a start frequency of 300 kHz and an end
frequency of 500 kHz. The frequency increment was 20 kHz. The phase delay sweep was
the same as that used for the test described in the previous section. As a result, each test
generated 16x101x37 data points, with 16 being the number of amplitudes and phases
obtained by 8 channels, 101 being the number of frequencies, and 37 being the number of
phase delays. Baseline data and loose bolt data were collected for all three samples. Only
bolt #2 was involved for the first set of tests.
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Figure 8.21. Three identical test samples, each with 9 sensors attached in a 3x3 grid.

The experimental setup is shown in Figure 8.22. In total, 5 screws were used to bolt the
test sample to an optical breadboard. The torque limit applied to tighten the screws was
40 in-Ibs. The screws were numbered as Bolt 2, 4, 6, 8, and 10, respectively. The test
sample was placed underneath the test stand with an annular array spring loaded to the
surface. Liquid gel couplant was applied to couple the annular array to the test sample.
During the UMAT test, 4 sine wave driving signals with controlled frequency and phase
delays were applied to the 4 elements of the annular array. A frequency and phase delay
tuning was carried out for each test. The frequency was varied from 300 kHz to 350 kHz
with a 5 kHz step. For the phase delay tuning, the range was from O degrees to 360
degrees and the tuning step was 12 degrees. To study the variations in UMAT responses
to loosened bolt conditions, 7 tests were performed. The tests were numbered from | to
VII. The test condition changes made for every test are given below.
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Test stand Bolts Receivers Optical
breadboard

Figure 8.22. Experimental setup

Cumulative Damage States:

l. Baseline

. Reset transducer and couplant

II. No changes

IV.  Bolt 2 loosened from 40 in-1bs to 20 in-Ibs (50%)
V. Bolt 4 loosened from 40 in-Ibs to 20 in-lbs (50%)
VI.  Bolt 10 loosened from 40 in-Ibs to 36 in-lbs (10%)
VIl.  Bolt 10 removed

For each test, 8 out of the total 9 sensors attached to the test sample were used to record
the forced vibration amplitudes and relative phases under different loading functions,
since the current hardware system has only 8 A/D channels. In each test, a number of 275
amplitude values and corresponding phase measurements were saved to the result file.
The objective of the tests was to show the variations in UMAT responses with respect to
loosened bolt conditions.

Figures 8.23 and 8.24 show the amplitude maps for test conditions | and IV respectively.
The x-axis of each amplitude map is the phase delay tuning step and the y-axis is the
frequency tuning step. All amplitude maps were normalized using the maximum
amplitude measured at test I. It is obvious that after the torque of Bolt 2 was reduced
50%, obvious amplitude variations were observed by all sensors for the frequency and
phase delay tuning.
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Figure 8.23. Normalized UMAT amplitude maps for test I, the baseline data.
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Figure 8.24. Normalized UMAT amplitude maps for test IV with the torque of Bolt 2 reduced
50%, showing different amplitude variations from the baseline data in Fig. 8.23 for different
frequency and phase delay inputs.
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Example amplitude map comparison results are shown in Figures 8.25 to 8.26. Figure
8.25 shows the absolute values of amplitude changes from the baseline data, Test I, to the
data taken in Test Ill. Figure 11 shows the corresponding comparison between Test V
and Test I. The comparison between the last test, Test VI, with the first baseline test is
shown in Figure 8.27. The amplitude comparison maps were normalized using the
maximum found in the last comparison.

As can be seen, the UMAT amplitude variations caused by resetting the transducer and
couplant were much less noticeable comparing to the changes due to loosened bolt
conditions. There was growth in amplitude variations from Test V to Test VII. Image
processing as a feature extraction tool and pattern recognition algorithms can be
developed to investigate further the amplitude maps to seek robust UMAT features for
loosened bolt condition monitoring. Work efforts are also undertaken to identify the
optimum loading functions to reduce the necessary frequency and phase delay tuning
steps. The theory on annular array guided wave excitation is applied in this work.
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UMAT experiments were continued using one of the aluminum panels shown in Figure
8.21. Both boundary condition changes and a real defect were introduced to the irregular-
shaped aluminum plate sample. The tests were focused on identifying different loading
functions that are sensitive to different boundary condition changes and defects. In total,
5 test states were included in the experiment. The condition of each test state is briefly
explained below:

State 1 = baseline

State 2 = bolt 10 loosened 50%
State 3 = bolt 10 removed

State 4 = 30% depth corrosion
State 5 = 100% depth corrosion

As can be seen, in addition to the bolt loosening conditions that were studied before, a
defect was introduced to the plate in two steps. Figure 8.28 shows a picture of the plate
after the 100% depth corrosion defect was introduced. Frequency and phase delay tuning
was employed in the test to produce vibration signals under different ultrasonic loading
functions. The frequency tuning was conducted with 200 kHz being the starting
frequency, 600 kHz being the end frequency, and 5 kHz being the frequency tuning
increment. The phase delays were varied from 0 to 360 degrees with 15 degrees as the
increment. As a result, for each test state, the number of loading functions as
combinations of frequencies and phase delays was 81*25 = 2025. Among the 9 disk
sensors attached to the plate, sensors 1 — 8 were used to measure the vibration magnitudes
and phases under different loading functions, as only 8 A/D channels were available in
the current UMAT testing system. The detections of the bolt loosening conditions and the
corrosion defect were based on monitoring the variations in vibration magnitudes and
phases among different test states.
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Figure 8.28. Aluminum plate test sample with the 100% depth corrosion defect.

One important objective of the experiment was to identify appropriate loading functions
for the detections of the bolt loosening conditions and the corrosion defect. By
calculating the vibration magnitude changes from test states 2-5 with respect to their
immediately previous test states, we evaluated the sensitivity to changes in test conditions
under different loading functions. More specifically, the loading function dependent
sensitivity was calculated as the summation of the magnitude variation ratios for all 8
measurement sensors. Based on the calculation results, the loading functions were sorted
in an order with the summation of magnitude variation ratios descending from the first
load function to the last. The first ten loading functions from the sorted results were then
defined as the good loading function choices for the detection of the corresponding
change in test condition. The last then loading functions, in contrast, were defined as the
poor loading function choices. Figures 8.29 — 8.32 present the vibration magnitude
changes in percentage obtained through the poor loading function choices and the good
loading function choices, respectively for the comparisons between State 2 and State 1,
State 3 and State 2, State 4 and State 3, as well as State 5 and State 4. As can be seen, the
poor loading function choices yield only very small vibration magnitude changes for the
corresponding boundary condition changes or defects. In the plots with the same scale as
the plots for the magnitude changes under the good loading function choices, the
magnitude changes under the poor loading function choices are too small to be clearly
seen. The magnitude changes for the poor loading function choices were then magnified
10 times and plotted as the inserts in the corresponding figures. Even after 10 time
magnification, the changes observed under the poor choices were still much smaller than
the ones observed under the good choices. Note that for each loading function choice, the
magnitude changes in percentage for all 8 sensors are shown in the figures. For the poor
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choices, the changes in percentage were all lower than 2%. For the good choices,
however, at least one sensor among the 8 sensors produced a 45% or higher magnitude
change. The maximum magnitude change under the good loading function choices was
above 140%. This clearly demonstrated the significance of loading function choices for
detecting bolt loosening conditions and corrosion defects.
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Figure 8.29. Vibration magnitude changes in percentage due to 50% torque reduction on bolt
10, under (Left) 10 poor loading function choices and (right) 10 good loading function choices,
showing significant differences in vibration amplitude variations due to different loading function
choices.
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Figure 8.30. Vibration magnitude changes in percentage from 50% torque reduction on bolt 10
to bolt 10 removal, under (Left) 10 poor loading function choices and (right) 10 good loading
function choices, showing significant differences in vibration amplitude variations due to
different loading function choices..
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Figure 8.31. Vibration magnitude changes in percentage due to the introduction of a 30% depth
corrosion, under (Left) 10 poor loading function choices and (right) 10 good loading function
choices, showing significant differences in vibration amplitude variations due to different loading
function choices.
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Figure 8.32. Vibration magnitude changes in percentage from the 30% depth corrosion to the
100% depth corrosion, under (Left) 10 poor loading function choices and (right) 10 good loading
function choices, showing significant differences in vibration amplitude variations due to
different loading function choices.
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The poor loading function choices and the good ones that were used to generate Figures
8.29-8.32 were identified based on the vibration magnitude changes themselves. It was
therefore not surprising to see the differences in magnitude changes under the two types
of loading functions. Another important task was then to investigate what would happen
if the good and poor loading functions that were identify for one type of test condition
change are applied for the detection of another test condition change. Figure 8.33 shows
the magnitude changes in percentage from State 4 to State 3 when the 30% corrosion was
introduced, under the loading functions used to generate Figure 8 for the 50% reduction
of the torque of bolt 10. It is shown that there were no significant differences in
magnitude changes under the 10 poor loading function choices for 50% torque reduction
and the 10 corresponding good choices. The plots in Figure 8.33 are with the same scale
as the ones in Figure 8.29, since they were under the same loading functions. By
comparing Figure 8.33 with Figure Figure 8.29, one can see that the magnitude changes
were much smaller in the two Figure 8.33 plots than the results shown in the good
loading function choices plot in Figure 8.29, which means that the good loading function
choices for 50% torque reduction of bolt 10 was not sensitive to the 30% depth corrosion.
The magnitude changes due to the 50% torque reduction under the loading functions for
the 30% depth corrosion are shown in Figure 8.34. It was also demonstrated that the good
loading functions for detecting the torque reduction were not sensitive to the corrosion
defect. It is therefore feasible to use different loading functions to gain good sensitivity to
different defects and also differentiate the defects.

Based on our loading function study, we also found that the loading sensitive to 50% bolt
loosen condition and 100% bolt loosen condition are very similar. For the 30% through-
thickness corrosion and a corrosion region with a through hole, the loading functions that
are sensitive to the two defects are almost identical. Those results demonstrated that the
loading functions are quit consistency to one kind of defect or boundary change. Table 8.1
shows a comparison of the good loading functions to detect the 50% bolt loosen and the
ones to detect the 100% bolt loosen conditions. The loading functions that were found
sensitive to both two boundary condition changes are highlighted in the figure. The
highlighted loading functions are therefore good candidates for detecting bolt loosen
conditions.
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Similar conclusions on certain loading functions are sensitive to certain damage types or
boundary condition changes have also been obtained from the loading function study of
the previous UMAT data for both aluminum and composite test samples.
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Figure 8.33. Vibration magnitude changes in percentage from the 30% depth corrosion under
the loading functions identified as poor (left) and good (right) choices for detecting 50% torque
reduction of bolt 10, both showing small vibration magnitude variations for the 3% depth
corrosion. Therefore, the good loading function choices for 50% torque reduction of bolt 10 were
not sensitive to the 30% depth corrosion.
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Baseline VS 50% bolt loose Baseline VS 100% bolt loose
Frequency (MHz) Phase (Degree) [Frequency (MHz) Phase (Degree)

0.21 135 0.2 285
0.21 120 0.21 120
0.255 270 0.2 75
0.21 45 0.21 135
0.2 285 0.255 270
0.245 240 0.21 45
0.21 30 0.245 240
0.21 0 0.2 105
0.21 15 0.21 30
0.2 75 0.21 0
0.2 105 0.205 75
0.21 105 0.2 90
0.21 360 0.235 315
0.205 75 0.215 60
0.245 15 0.21 15
0.21 150 0.24 90
0.21 225 0.21 360
0.21 90 0.245 270
0.245 270 0.2 300
0.2 90 0.21 255

Table 8.1. Comparison of good loading function choices to detect the bolt loosen

condition with 50% torque reduction and the bolt loosen condition with 100% torque

reduction.
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8.4 Composite Spoiler

Ultrasonic vibration tests were carried out on 3D composite samples as well. The
composite test sample is made of woven carbon/epoxy materials. The sample was
originally designed for being used as a rear spoiler for a car. The shape of the composite
sample is therefore rather irregular. The sample has an ‘L’ shaped bended area. As can be
seen from the experimental setup shown in Figure 8.35, eight sensors were attached to the
surface of the composite test sample to receive ultrasonic vibration signals. There were 4
sensors on each side of the bended area. The test sample was simply supported by several
cylindrical supporters underneath one surface of the sample. Five other screws were
positioned to the test table to hold the sample in a fixed position to ensure good
consistency in boundary conditions for the ultrasonic vibration tests. The prototype
actuator that was fabricated in the previous month was applied through a spring loading
to a flat area of the test sample, as also shown in Figure 8.35. The diameter of the
actuator is roughly 1.7”. The actuator has four individual annular elements.

Figure 8.35. Experimental setup.

During the UMAT test, 4 sine wave driving signals with controlled frequency and phase
delays were applied to the 4 elements of the annular array. A frequency and phase delay
tuning was carried out for each test. The frequency was varied from 200 kHz to 400 kHz
with a 1 kHz step. For the phase delay tuning, the range was from 0 degree to 360
degrees and the tuning step was 15 degrees.

To study the variations in UMAT responses to damage, a damaged area was introduced
to the composite sample. The damage was created by hitting a steel screw placed to the
surface of the sample with a hammer. Figure 8.36 shows a picture of the damage. As can
be seen, a through thickness hole was introduced.

Ultrasonic vibration data collections were performed before and after the introduction of
the damage. For each test, the 8 sensors attached to the test sample were used to record
the forced vibration amplitudes established by different loading functions during the
frequency and phase delay tuning process. In each test, a number of 5025 amplitude
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values were saved to the data file. The objective of the tests was to show the variations in
UMAT responses caused by the damage.

‘o)

Figure 8.36. Damage introduced to the composite test sample.

Figures 8.37 and 8.38 show the amplitude magnitude maps respectively for the damage
free test sample and the damaged test sample.
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Figure 8.37. UMAT amplitude magnitude maps for the damage free composite test sample.
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Figure 8.38. UMAT amplitude magnitude maps for the damage free composite test sample.

By comparing Figures 8.37 and 8.38, one can clearly observe variations in amplitude
magnitude maps for all the sensors. To more quantitatively investigate the amplitude
variations, Figure 8.39 presents the summation of the magnitude variation ratios for all 8
sensors. A log scale was used to plot the color intensity map. The blue area in the map
that corresponds to a value of -1 indicates equal or less than 10% magnitude variations,
while the value 0 in the color bar represents equal or higher than 100% magnitude
variations. As clearly shown, most loading functions do not have good sensitivity to the
damage to the composite test sample as they only lead to equal or less than 10% vibration
magnitude variations. Some loading functions, however, produced some vibration
magnitude variations higher than 100%, and thus were very sensitive to the damage.
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Figure 8.39. Ultrasonic vibration amplitude variation ratios summed from all 8 sensors.
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Based on the calculation results shown in Figure 8.39, the loading functions were sorted
in an order with the summation of magnitude variation ratios descending from the first
load function to the last. The first ten loading functions from the sorted results were then
defined as the good loading function choices for the detection of the corresponding
change in test condition. The last then loading functions, in contrast, were defined as the
poor loading function choices. Figure 8.40 presents the vibration magnitude changes in
percentage obtained through the poor loading function choices and the good loading
function choices. In the plots with the same scale as the plots for the magnitude changes
under the good loading function choices, the magnitude changes under the poor loading
function choices are too small to be clearly seen. The magnitude changes for the poor
loading function choices were then magnified for 10 times and plotted as the inserts in
the corresponding figures. Even after the 10 time magnification, the changes observed
under the poor choices were still much smaller than the ones observed under the good
choices. This clearly demonstrates the significance of loading function choices for
detecting the damage to the composite test sample. By choosing the right loading
function, the damage in the composite sample can be very well detected.
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Figure 8.40. Vibration magnitude changes in percentage under (Left) 10 poor loading function choices and
(right) 10 good loading function choices.
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8.5 Composite Propeller

Figure 8.41 shows the experimental setup for the UMAT tests that have been carried out
on an aircraft composite propeller blade. The propeller blade was made from
carbon/epoxy composite material. It was an anisotropic structure with a complex 3D
geometry. The main purpose of the tests conducted on the propeller blade was to show
that the loading functions provided by an annular array actuator can make differences in
both the transient guided wave test and the UMAT test results. With appropriate loading
functions, high sensitivity to defects or structural condition changes can be achieved in
UMAT tests.

The propeller blade was hanged in the air to achieve a rather stable boundary condition
for both transient guided wave tests and UMAT tests. An annular array was hot glued
close to the center of the blade to serve as the actuator. A broadband transducer was
clamped in between the actuator and the tip of the blade to serve as the receiver. Both
transient guided wave tests and ultrasonic vibration tests were performed. In the transient
guided wave test, clear wave packages were observed. It was also seen that the wave
form varied with the frequency and phase delays applied to the annular array elements. In
the ultrasonic vibration tests, after continuous sine wave inputs being applied to the
actuator, continuous vibration signals were received from the receiver transducer,
demonstrating well formed forced vibrations. The vibration amplitudes also varied with
the frequency and phase delay loading functions.

After taking baseline data for both transient guided wave and vibration tests, some hot
glue was put to the blade surface between the actuator and receiver to test the loading
function dependent sensitivity to such a surface condition variation. Figures 8.42 and
8.43 present example results from the transient guided wave tests and the vibration tests
respectively. The signals shown in Figure 8.42 were taken with a 250 kHz driving
frequency and different phase delays to the annular array elements. Both the baseline
signals and the signals collected after the hot glue was introduced to the blade surface are
included. The baseline signals were plotted in blue while the new signals were plotted in
red. As can be seen, the transient signals varied with the phase delays. There were only
very minor changes in transient guided wave signals due to the hot glue. In contrast, the
vibration amplitude maps with respect to the phase delays and frequencies of the annular
array actuator, as presented in Figure 8.43, did identify good loading function choices
that can produce significant vibration amplitude changes. The test results therefore
suggested that the UMAT loading functions can be tuned using a phased delayed annular
array actuator to yield high sensitivity to a certain type of defect or structural condition
changes. The variations in vibration amplitudes can sometimes be more significant than
the changes in transient guided wave signals since the vibrations include a very large
number of boundary reflections and multiple guided wave interactions with the defect.
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Figure 8.41. Experimental setup for the initial tests on a composite propeller blade.
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Figure 8.42. Transient guided wave signals for a 250 kHz driving frequency and
different phase delays. Baseline signals are in blue color and new signals taken after the
hot glue was introduced are in red.
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Figure 8.43. Vibration amplitude maps with respect to the phase delays and frequencies
applied to the annular array actuator: (Left) baseline date, (Right) Data taken after a
structural condition change. The circled regions show some significant vibration
amplitude changes.

8.6 Air Force Panels

Initial damage detection experiments on Air Force composite test samples have been
carried out in this month. The thickest panel among the retired F-16 panels was selected
as the first test sample for the experiments. The selected panel has an irregular shape.
There are also rivet holes in the panel. Like all other panels, there are thickness variations
caused by ply drops in the selected panel. A four element annular array and a broadband
transducer were used in the experiments as the actuator and receiver respectively. Figure
8.44 shows a picture of the test panel with both the actuator and the receiver attached to
the surface of the panel using hot glue.
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Figure 8.44. An Air Force composite panel with an actuator and a receiver attached for
transient guided wave and UMAT tests.

To simulate a crack defect, a notch was introduced to an open hole located at the edge of
the test panel. Cracks at rivet holes are common defects in aircraft structures as the areas
around rivet holes are usually stress concentration regions. The length of the simulated
crack was 0.5”. Figure 8.45 shows pictures of the simulated crack defect.

T

&

5 _SimU?d crack |

Figure 8.45. A simulated crack defect introduced to an open hole located at the edge of
the test panel. (Left) Complete view of the test panel showing the simulated crack
location. (Right) A close view of the simulated crack. The length of the crack was 0.5”.

Transient guided wave signals and ultrasonic vibration amplitudes were collected before
and after the simulated defect was introduced. Different phase delay and driving
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frequencies were applied to the four element actuator to provide different loading
functions. Example transient guided wave signals are shown in Figure 8.46 for 200 kHz
tone-burst inputs with different phase delays. The baseline signals taken before the crack
was introduced are plotted in blue while the signals taken after the crack was introduced
are plotted in red. As can be seen, the transient guided wave signals varied significantly
when different phase delay angles were applied to the four elements of the annular array
actuator. The baseline signals and the signals taken after the crack was introduced were
very similar due to the fact that the crack was far away from the direct wave path
between the actuator and the receiver. The signals were rather complicated as well
because of the wave scattering at the rivet holes in the panel and also the possible mode
conversions for wave traveling across different thicknesses.
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Figure 8.46. Transient guided wave signals for 200 kHz tone burst inputs with different
phase delays applied to the four elements of the annular array actuator.

Figure 8.47 shows the color map comparison of the ultrasonic vibration amplitudes
between the baseline data and the data taken after the crack was introduced. It was
revealed that the vibration amplitudes were quite similar for most of the loading functions
except for the 200 kHz ones. A comparison plotted in columns is shown in Figure 8.48
with the columns for the 200 kHz loading functions enlarged in the insert of the figure. In
the enlarged view, the x-axis of the plot is for different phase delay angles, increasing
from O degree to 360 degrees from the left to the right. Significant vibration amplitude
changes due to the crack can be observed. For loading functions other than the 200 kHz
ones, the vibration amplitude variations were small. That, again, demonstrated the
importance of using appropriate loading functions in UMAT tests for high defect
sensitivity.
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Another defect was introduced to the test sample. This time, the defect was close to the
receiver location. It was an objective to learn the difference in testing results with the
defect being close to the receiver rather than being far away from the direct wave path
between the transmitter and the receiver. A picture of the 2" defect can be found in
Figure 8.49.

= @ 2" defect

: 2 Pp=ss ; i,
Figure 8.49. Picture of the 2" defect. The second defect was closer to the receiver than
the first defect.

In the transient tests, frequency and phase delay were varied to produce different guided
wave loadings. We operated the frequencies from 0.2MHz to 0.4MHz with a step of 10
kHz. The phase delays between adjacent elements varied from O degree to 360 degree
with an increment of 40 degrees. The signals were first taken with only the first simulated
crack in the test sample as a new set of baseline data. After that, another saw cut defect
was introduced at the lower right corner of the panel. Due to the fact that the new defect
was close to the receiver, defect reflections were clearly observed for some loading
frequencies and phase delays. However, there were very small or almost none changes in
transient guided wave signals for some frequency and phase delay combinations. Figure
8.50 shows an example. In Figure 8.50, the signal plotted in blue was from the new
baseline data and the one plotted in red was taken after the 2" defect was introduced. The
loading frequency was 0.25 MHz and phase delay was 160 degree. As can be seen, no
clear changes due to the 2" defect can be observed. It therefore suggested that 0.25 MHz
frequency and 160 degree phase delay was not a good loading to achieve the excitations
of the guided waves that are sensitive to the defect.
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Figure 8.50. Transient guided wave signals for the test sample with only the first defect
(left) and the sample with two defects (right). The loading frequency was 0.25MHz and
phase delay was 160 degree.

Figure 8.51 shows the signals obtained in another loading case: frequency 0.21 MHz and
phase delay 240 degrees. Three strong wave packages can be easily noticed in the signals.
The wave package 1 arriving at about 100us in both figures was indentified as the wave
directly travels from the actuator to the receiver. This wave package was not affected by
the defect, which gives almost identical amplitude in both testing states. Wave package 2
and 3 were noted as reflected signals based on their arrival time and the distance between
the transmitter and receiver. In guided wave reflection/scatter problem, mode conversion
may occur when the waves hit a boundary or a defect. The reflected/scattered modes and
their energy ratio depend on the boundary conditions or the geometry of the defect.
Comparing the amplitude of wave package 2 and 3 in two figures of Figure 8.51, it can
be seen that the energy of wave package 3 increased while the energy of wave package 2
decreased. This reflected the change of geometry of the boundary and thus gave the
defect alarm. Obviously, the loading frequencies and phase delays can be quite critical in
transient guided wave tests. The annular array actuator developed in this project for
loading function tuning can be a very effective tool to always achieve good sensitivity for
different defect types. For test objects with regular geometries, such as plates with
uniform thicknesses, beams, or tubes, it is possible to first calculate the appropriate
loading functions based on the wave mechanics theories that have also been developed in
this project. For test objects with irregular geometries, it is necessary to perform loading
function tuning to identify the appropriate ones for different defects.
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Figure 8.51. Transient guided wave signals for the test sample with only the first defect
(left) and the test sample with 2 defects (right). The loading frequency was 0.21 MHz and
phase delay was 240 degrees.

UMAT experiments were also conducted using the similar experimental setup as
transient guided wave test. In order to study the effect of different loadings, the loading
frequencies were swept from 0.2 MHz to 0.4 MHz with an increment of 1 kHz while
phase delays were tuned from O degree to 360 degrees with a step of 15 degrees. To
check the consistency of the experiment system, baseline data were taken twice with a
one-day interval. A broadband sensor was used as the receiver. The amplitudes and
phases obtained by the receiver under different loadings are recorded in Figure 8.52. As
can be seen, both amplitudes and phases are identical in two baseline tests, which yielded
very good consistency in our experiments. Moreover, the amplitude figure in Figure 8.52
showed that the receiver can get relatively strong signals when the loading frequency was
between 0.295 MHz to 0.31 MHz while the phase delay was between 0 degree and 120
degrees. Another effective loading region was when frequency was between 0.327 MHz
to 0.357 MHz while the phase delay was between 150 degrees to 285 degrees.
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Figure 8.52. UMAT signals for two baseline tests: (a) UMAT amplitude for test 1; (b)
UMAT amplitude for test 2; (c) UMAT phase for test 1; (d) UMAT phase for test 2.

Comparisons of the baseline and the test results for the new defect are given in Figure
8.53. Under those loading functions, the amplitudes of the UMAT signals varied after the
defect was introduced. The average of the amplitude variation was about 24.81%. Note
that the phases did not change a lot. This implied that a localized defect will not destroy
the ODS tremendously under such loading functions. However, the variations of UMAT
amplitudes provided an indication of the defect. The overall UMAT amplitude increased
after the new defect was introduced. It is believed that such an amplitude increase was
due to the fact that strain energy always intends to concentrate around structural
discontinuities. Thus, a sensor closed to damaged region can detect such defects under
appropriate loadings. By putting more sensors on the sample, it is feasible to detect and
possibly locate a defect.
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9. Concluding remarks

A new concept of ultrasonic vibration for damage detection was developed. Theoretical
foundation for ultrasonic vibration was laid through the developments of a guided wave
mode decomposition method for investigating the connections between guided wave
propagations and steady-state vibrations. It was demonstrated that, via selections of
different guided wave loading functions, specific vibrations that are associated with the
guided waves can be selectively excited to produce high sensitivity to specific types of
damage. Annular array actuators were designed as a powerful tool for tuning guided
wave loading functions. The actuators were designed based on the theories for guided
wave excitations by annular arrays which were also developed in this project. A unique
UMAT system was developed and demonstrated on various test samples. The UMAT
technique developed in this project can serve as a good alternative damage detection
method to traditional vibration measurements and transient guided wave techniques. The
damage detection sensitivity of UMAT is superior compared to traditional vibration
measurements. Compared to transient guided wave tests, UMAT provides better coverage
and faster inspection speed for inspecting a large area and also requires much less
accessible locations.
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